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MIMAL MECHANISM: 


TEERESTRIAL AND AERIAL LOCOMOTION. 


INTEODUCTION. 

Living beings have been frequently and in every age 
coTni:>ared to machines, but it is only in the present day 
that tlie bearing and the jiistice of this conaparison are fully 
comprehensible. 

No doubt, the physiologists of old discerned levers, pulleys, 
cordage, pumps, and valves in the animal organism, as in the 
machine. The working of all this machinery is called Animal 
Mechanics in a great number of standard treatises. But these 
passive organs have need of a motor ; it is life, it was said, 
which set all these mechanisms going, and it was believed 
that thus there was authoritatively established an inviolable 
barrier between inanimate and animate machines. 

In our time it is at least necessary to seek another basis 
for such distinctions, because modem engineers have created 
machines which arc much more legitimately to be compared 
to animated motors ; which, in fact, by means of a little com- 
bustible matter which they consume, supply the force requisite 
to animate a series of organs, and to make them execute f 
most various operations. 

The comparison of animals with machines is not only ’ 
mate, it is also extremely useful from different points 
It furnishes a valuable means of making the xr 
phenomena whicli occur in living beings und' 
placing them beside the similar but less gen'- 
phenomena, which are evident in the actr 
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machines. In the course of this book, we frequentlj 
borrow from pure mechanics the synthetical demonstrations 
of the phenomena of animal life. The mechanician, in his 
turn, may derive useful notions from the study of nature, 
which will often show him how the most complicated problems 
may be solved with admirable simplicity. • 

Animal mechanics is a wide field for exploration. To 
every function, so to speak, a special machinery is attached. 
The circulation of the blood, the respiration, &c., may and 
ought to be treated separately, so that we shall limit this work 
to the study of one single, essentially mechanical, function, 
locomotion in the various animals. 

It is easy to demonstrate the importance of such a subject as 
locomotion, which, under its dijfierent forms, terrestrial, aquatic, 
and aerial, has constantly excited interest. Whether man has 
endeavoured to utilize to the utmost his own motive power, 
and that of the animals ; whether he has sought to extend 
his domain, to open a way for himself in the seas, or to rise 
into the air, it is always from nature that he has drawn his 
inspirations. We may hope that a deeper knowledge of the 
different modes of animal locomotion will bo a point of 
departure for &esh investigations, whence further progress 
will result. 

Every scientific research has a powerful attraction in itself; 
the hope of reaching the truth sufilces to sustain those who 
pursue it, through all their efforts ; the contemplation of the 
laws of nature has beeh a great and noble source of enjoy- 
ment to those who have discovered them. But to humanity, 
soxoixco is only the means, progress is the aim. If we can 
rixow that a study may lead to some useful application, we 
may induce many to pursue it, who would otherwise merely 
'*^llow it from afar, with the interest of curiosity only, 
'tliout pretending to recapitulate here all that has been 
by the study of nature, we shall endeavour to sot 
vhat may be gained by studying it still further, and 
^e core. 

ial locomotion, that of man, and of the groat mam- 
%tmoo, is very imperfectly understood as yet. If 
V what conditions the maximum of speed, ibree. 
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or labour wbicli th© living being can fumisb^ luay be obtained, 
it would put an end to nxucb discussion, and a great deal of 
conjecture, which is to be regretted. A generation of men 
would not be condemned to certain military exeircises which 
will be hereafter rejected as useless and ridiculous. One 
country would not crush its soldiers under an enormous 
load, while another considers that the best plan is to give 
them nothing to cany. We should know exactly at what 
pace an animal does the best service, whether he be required 
for speed, or for drawing loads ; and we should kuow what 
are the conditions of draught best adapted to the utilization 
of the strength of animals. 

It is in this sense that progress is being made ; but if we 
complain with reason of its slow advance, we must only 
blame our imperfect notion of the mechanism of locomotion. 
Let this study be perfected, and then useful applications of it 
will soon ensue. 

Man has been manifestly im^ired by nature in the con- 
struction of the machinery of navigation. If the hull of 
the ship is, as it has been justly described, formed on the 
model of the aquatic fowl, if the sail has been copied from the 
wing of the swan inflated by the wind, and the oar from its 
webbed foot as it strikes the water, these are but a small part 
of nature’s loans to art. More than two hundred years ago, 
Borelli, studying the stability and displacement of fish, traced 
the plan of a diving-ship constructed upon the same principle 
08 the formidable MonitorB wMdi made their appearance in 
tho recent American war. 

In modem navigation tho dynamic question still leaves 
several i)omta in obsourily. What form should be given to a 
ship so as to secure its mooting with the least possible resist- 
ance in the water? What propellor should be chosen in 
order to utilize tlio force of the machine to the best advan- 
tage ? Th© most competent men in such matters avow that 
these problems are too complex to admit of the conditions 
most favourable to th© construction of ships being determined 
by calculation. Must we wait until empiricism, by dint of 
ruinous guesses, shall have taught us how a problem of 
which nature offers m such diverse solutions, should bo 
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solved? Ingenious constructors have already attempted to 
imitate the natural propellers ; they have fitted up smaU boats 
with machinery .which works like ^e tail of a fish, oscillating 
with an alternate motion. And it has been found that this 
apparatus, although stiU imperfect, already constitutes a 
powerful propeller, which will perhaps be preferred hereafter 
to all those which have hitherto been used. 

Aerial locomotion has always excited the strongest curiosity 
among mankind. How frequently has the question been 
raised, whether man must always continue to envy the bird 
and the insect their wings ; whether he, too, may not one day 
travel through the air, as he now sails across the ocean. 
Authorities in science have declared at different periods, as 
the result of lengthy calculations, that this is a chimerical 
dream, but how many inventions have we seen realised which 
have also been pronoxmced impossible. The truth is, that all 
intervention by mathematics is premature, so long as the 
study of nature and experiment have not furnished the precise 
data which alone can serve as a sound starting point for 
calculations of this kind. ^ 

Wo shall then attempt to analyse the rapid acts which are 
produced in the fiight of insects and of birds ; afterwards we 
shall endeavour to imitate nature, and we shall see, once 
more, that by seeking inspiration from her we have the 
best dhance of solving the problems which she has solved. 

We may even now affirm, that in the mechanical actions of 
terrestrial, aquatic, and aerial locomotion, there is nothing 
which can escape the methods of analysis at our disposal. 
Would it be impossible for us to reproduce a phenomenon 
which we understand? We will not carry our scepticism 
so far. 

It was considered for a long time that chemistry, all- 
powerftd when it was a question of decomposing organic 
substances, would always remain incapable of reproducing 
them. What has become of this disheartening prediction ? 

We hope that the reader who follows the experimental 
researches detailed in this hook will draw from them this 
conviction, that many of the impossihilities of the present^ 
need only a little time and much effort to become realities. 
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Of forces in the inorganic kingdom and among organised heings— Matter 
reveals itself by its properties—When matter acts, we conclude that 
forces exist -^Multiplicity of forces formerly admitted; tendency to 
their reduction to one force in the inorganic kingdom — Indestruc- 
tibility of force ; its transformations— Vital forces, their multiplicity 
according to the ancient physiologists— Several vital forces are 
reduced to physical forces— Of laws in physics and in pb^^nology— 
General theory of physical forces. 

Wb know matter only by its properties, wbioli we could not 
conceive of apart &om matter. The word property does not 
answer to anything real : it is an artifice of language ; thus, the 
expressions, weight, heat, hardness, colour, &o., attributed to 
various bodies in nature, mean that these bodies manifest 
thomsolves to our senses by certain effects which have been 
made known to us by daily experience. 

Wlien matter acts, that is to say, when it changes its state, 
there occurs what we call a phenomenon, and by a new appli- 
cation of laxiguage we call the unknown cause which has 
produced this phenomenon, Force, A body which falls, a 
river which flows, a fire which warms us, the lightning which 
flashes, two bodies which combine, d:o., all these correspond to 
manifestations of fe>rc6S which we call gravity, mechanical 
force, heat, dectricity, light, chemical affinities, &c. 

In the first ages of science the number of forces was almost 
infinitely multiplied. Each particular phenomenon was re- 
garded as the manifestation of a special force* But by degrees 
it was recognised that divers manifbstations might result £rcm 
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a single cause; and thenceforilx the number of forces which 
were admitted diminished considerably. 

Weight and attraction were reduced to one and the same 
force by Newton, who recognised, in the falling of the apple 
to the ground, and the retention of the star in its orbit, the 
effects of an identical cause — ^universal gravitation. Ampere 
reduced magnetism to a manifestation of electricity. Light 
and heat have long since been regarded as manifestations of an 
identical force, an extremely rapid vibratory motion imparted 
to the ether. 

In our own time a grand conception has arisen, once more 
to change the face of science. All the forces of nature are 
reduced to one only. Force may assume any appearance ; it 
becomes, by turns, heat, mechanical work, electricity, light ; 
it gives rise to chemical combinationB or decompositions. 
Occasionally, force seems to disappear, but it has only hidden 
itself ; we can find it again in its entirety, and make it pass 
anew through the <yole of its transformations. 

Force, which is inseparable fScom matter, is, like it, inde- 
structible, and to both the absolute principle, that in nature 
nothing is created and nothing is destroyed, is applicable. 

Before we enter upon a detailed exposition of this great 
conception of the conservation of force and its transformations 
in the inorganic world, let us see whether any analogous* 
generalisation has been arrived at in the science of organised 
bodies. 

The living being, in its manifestations of sensibility, intelli- 
gence, and spontaneity, shows itself to be so different from 
fte inert and passive bodies of inorganic nature ; the genera- 
tion and the evolution of animals are so peculiar to them- 
selves ; that the earliest observers traced an absolute boundary 
between the two kingdoms of nature. 

Particular forces were imagined, to which each of the 
normal phenomena of life was attributed, while others, Ul» 
malignant genii, presided over the production of the maladies 
by which everything that has life may be attacked. 

The complexity of the phenomena of life hindered observers 
for a long time from discerning the link which united them, 
afrd prevented their referring to one and the same cause these 
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laaaifold effects, and thus reducing the number of forces 
‘which had at tot been admitted. Man ended by taking 
the fictions of his imagination for realities. Little by little, 
the charm of the unintelligible exercising fascination over 
him, he at last denied that physical laws had any in- 
fluence upon living beings. This extravagant mysticism 
represented certain animals as capable of withdrawing them- 
selves from the influences of weight ; according to it, animal 
heat was of another essence than that of our hearths ; subtle 
and impalpable spirits circulated in the vessels and the nerves. 

Time has not even yet disposed of all these absurdities; 
but we can prove that the science of life tends at present 
to undergo a transformation as complete as that of the phy- 
sical sciences, whose devdopment we have just sketched. 
Physiology, guided by experience, seeks and finds the physical 
forces in a great number of vital phenomena ; every day sees 
an increase in the number of cases to which we can apply 
the ordinary laws of nature. That which escapes them 
remains for us the unknown, but no longer the unknowable. 
Among the phenomena of life, those which are intelligible 
to us are precisely of the physical or mechanical order. 

In the living organism we shall find those manifestations 
of force which are called heat, mechanical action, electricity, 
light, chemical action; we shall see these forces transforming 
themselves one into the other, but we must not hope to arrive 
immediately at the numerical determination of the laws which 
regulate the transformations of these forces. The animal 
organism does not lend itself to exact measurements, its com- 
plexity 'is too great for valuations, to which physicists attain 
with gimt dii&ulty by making use of the simplest machines. 

Bach science, according to its degree of complexity, is 
approaching more or less surely to the mathematical precision 
at which it must arrive sooner or later. A law is only the 
determination of numerical relations between different phe- 
nomena; there is then no perfect physiological law. In the 
phenomena of life it is scarcely possible to determine and to 
foresee anything except the manner in which the variation will 
be produced. Hitherto, the physiologist has reached only that 
degree of knowledge which astronomer would possess, who 
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knew, for instance, ttat the attraction between two heavenly 
bodies diminishes when their distance increases, but who bad 
not yet determined the law of inverse proportionality to the 
square of distances. Or, he is like the physicist who has proved 
that compressed gases diminish in volume, but who has not 
found the numerical relation between their volume and the 
pressure. 

Without doubt, however, there axe numerical relations 
between the phenomena of life ; and we shall arrive at the 
discovery of them more or less speedily, according to the 
exactitude of the methods of investigation to which we have 
recourse. 

If physicists had limited themselves to establishing that 
bodies dilate as they become heated, and if they h^ not 
sought to measure the temperature of those bodies and the 
volume which they assume with each variation of the temper- 
ature, they would have had only an imperfect idea of the 
phenomena of the dilatation of bodies by heat. For a long 
time physiologists confined themselves to pointing out that 
such or such an influence augments or diminishes the force of 
the muscles, causes the rapidity of their motions to vazy^ 
increases or diminishes sensibility and motive power. Science, 
in our time, has become more exacting, and already the 
rigorous determmation of the intensity and duration of certain 
acts, of the form of different movements, of the relations of 
succession between two or several phenomena, the precise 
estimation of the rapidity of the blood, or of the transference 
of the sensitive or motive nervous agent; all these exact 
measures introduced into physiology, lead us to hope that 
feom more scrupulous measurement better formulated laws 
will soon result. 

In the comparison which we are about to make between 
the physical forces and those which animate tho animal 
organism, we shall take it for granted that the fundamental 
notions recently introduced into science, and by which all those 
forces tend to reduce themselves to one only, that which 
engenders motion, are known; and shall, therefore, confine 
ourselves to a rapid sketch of the new theory. 

The value of a theory depends on the number of the facts 
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■wHcli it embraces ; that of the unity of the physical forces 
tends to absorb them all. From the invisible atom to the celes- 
tial body lost in space, everything is subject to motion. Every- 
thing gravitates in an immense or in an iaflnitely little orbit. 
Kept at a definite distance one from the other, in proportion 
to the motion which animates them, the molecules present 
constant relations, which they lose only by the addition or the 
subtraction of a certain quantity of motion. In general, 
increase of motion enlarges the orbit of the molecules, and 
widening their distance from each other, increases the volume 
of the bodies. By this rule, heat is proved to be a 
source of motion. Under its infiuence the molecules, becom- 
ing more and more separated, cause bodies to pass from 
solid to liquid, and then to a gaseous state. These 
gases become indefinitely dilated by the addition of fresh 
quantities of heat. But that force which lends extreme 
rapidity to the motion of the molecules, that force which is 
admitted in theory is rendered tangible by experiment ; its 
intensity is measured by opposing to the dilatation of a body 
an obst^e which it will have to surmount. Thus it is that 
the molecules of gases or vapours imprisoned in the cylinder 
of machines, communicate to the partitions and to the piston 
the pressure which is employed in producing action by 
machinery. This mechanical action is, in its turn, trans- 
formed into heat if the conditions of the experiment be re- 
versed; if, for example, an external force, thrusting back 
the piston of an air-pump, restrains the molecular motions by 
violent compression. 

The new thcoiy has thrown light upon certain hypotheses, 
those, among others, which claimed admission for the latent 
heat of fusion, or of vaporisation of bodies, the latent heat oi 
dilatation of gasos. It has suppressed others ; for instance, 
the diecovoiy of atmospheric pressure has banished the 
hypothesis which has now become ridiculous, that nature 
abhors a vacuum. 

Although the theory accommodates itself with less ease to 
the interpretations of luminous and electric phenomena, it 
admits, according to the great analogy between these phe- 
nomena and heat, of supposing that they themselves are only 
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manifestations of motion. Besides, the transformation of 
motion into heat, into dectricify, into light, may be proved 
esperimenially. 

Fig. 1 represents the details of the experiment. 



Pio. 1 — Showing tho transformation of the elcctrlctty of a hattcry Into mocha- 
nioal action, into heat, Ught, and chonucal action. 


Various instruments are so arranged upon a table that an 
electric current, engendered by a battery P, may bo made to 
pass through them."*^ The current is conducted in an elliptic 
circuit, on a small square board, represented in the centre of 
the figure. This circuit is formed of a thick copper ■wire; 
at certain points this wire is interrupted and dipped Into 
cups of mercury, from which other wires communicate with 
the various apparatus through which the current is to be con- 
ducted. In Fig. 1, the metallic bridges 1, 2, 3, 4, 5, connect 
the cups of mercury, and form a complete circuit, which tho 
current may traverse without passing through the various 
apparatus placed around it. 

If we take away loop No. 1, the current which passed 
through that loop is forced to traverse the elliptical circuit 
without passing through the surrounding apparatus. But if we 

* Instead of tlie single element represented in tlie Figure, it is necessary 
to employ a series of Bunsen’s colls, to realise the experiments perfSsctly. 
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afterwards remove loop No. 2, the current must traverse the 
apparatus M, which is an electro-magnetic motor. This appa- 
ratus will begin to move and will produce mechanical action. 

Let us at the same time remove loop No. 3, the current 
must also traverse a registering thermometer. [That 
instrument is constructed as follows. It is a sort of Reiss* 
thermometer, formed of a spiral of platinum, which the current 
traverses, and which is conducted into a jQLask full of air. 
Under the influence of the heating of the spiral by the current 
which traverses it, the air in the bottle dilates, and passes, 
through a long tube, into the registering apparatus. The 
latter is composed of a drum of metal, closed on the upper 
side by a membrane of india-rubber. When the air pene- 
trates into the drum, the membrane swells, and lifts up a 
registering lever, which traces on a turning cylinder E, a curve 
whose elevations and depressions correspond with the rise and 
fidl of the temperature.] 

By removing loop No. 4, we force the current to traverse 
an apparatus L, with carbon points, in which dectricity 
gives birth to the bright light with which every one is 
acquainted. When it passes through the voltameter V, the 
current produces decomposition of the water. The intensity 
of the current is measured by the quantity of water decom- 
posed, by the volumes of hydrogen and oxygen which 
are disengaged. 

We see, in the first place, by means of this apparatus, 
that electricity can become successively mechanical work in the 
motor M, heat in the spiral of the thermometer T, light 
between the carbon points L, and diemical action in the 
voltameter V. 

But we also recognise that the eleotrioiiy which undergoes 
one of tiiose metamorphoses is taken away from the current 
whose energy is thus diminished. 1:1^ for example, we make 
the motor M work, we shall see that the register marks a 
diminution of heat in the thermometer. If we stop the 
electro-magnetic motor with the hand, an increase in the 
temperature becomes immediately apparent; the registered 
curve rises. 

When the electro-magnetic motor is working, we see the 
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intensity of the liglxt diminish^ and the decomposition of 
tbe water in the voltameter grow less. All these phenomena 
resume their pristine energy as soon as we suppress the 
production of mechanical action. 

Daring this time, all the force expended in these various 
forms of apparatus is disengaged from the battery under the 
induence of a ohemical action: the transformation of a certain 
quantity of zinc into sulphate of zinc. Thus, in the furnace 
of a steam engine, the combustion of the coal, that is to say, 
the oxidation which transforms carbon into carbonic acid 
disengages heat, which is afterwards converted into work. 

But this force, disengaged from bodies, was contained in 
them when the zinc was in the condition of metal, and the 
carbon in the state of coal; these bodies had employed in 
their formation the same quantity of force which they 
have yielded up in passing into another condition. Thus it 
would be necessary to restore to the sulphate of zinc and to 
the carbonic acid as much electricity or heat as they have 
thrown out, in order to reproduce the metallic zinc or the 
carbon in a pure state. 

According to the modem theory, force which manifests 
itself at a given moment is not created, but only rendered 
sensible, from being latent. 

Here in tension is that potential force, which, stored up in 
a body, waits the opportunity to manifest itself. Thus a 
stretched spring will at the end of an indefinite time give back 
the force which has been used to stretch it ; and a weight, 
lifted to a certain height, will restore, the instant it MMs 
the work that has been employed upon raising it. 
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CHAPTEB 11. 

TEAESFOEMATION OF PHYSICAL FOECES, 

To prove the indestructibility of forces, we must know how to measure 
them— Units of heat and of mechanical work — Thermo-dynamics — 
Measure of forces in living beings— Successive phases of the trans- 
formation of bodies ; successive throwing off of force under this inliu- 
. ence— Thermo-dynamics applied to living beings. 

We have just seen that force, in the different states whicli 
it presents, may he now latent, or potential, or again in action, 
in the form of heat, electricity, or mechanical activity. 

To foUow this force through all its different transformations, 
to establish that no portion of it is lost, a means of measuring 
it under all its forms is necessary. The chemist con prove 
the indestructibility of matter, by showing, with a balance, 
that a gramme of matter will preserve its weight through all 
the changes of condition that can be imposed upon it. Let 
that matter be weighed in the liquid state, in the solid state, 
or in the gaseous state, the weight of a gramme will always 
be found under the most various volumes and aspects. 

A measure is then necessary for the different manifestations 
of force. Every quantity of boat, of electricity, or of mechani- 
cal work ought to be compared with a particular unit, as every 
weight ought to bo compared with the unit of weight. 

XJnlt of heat* The sensations of heat and cold which we 
experience at the contact of different bodies do not correspond 
with the quantity of heat which those bodies contain. Thcr- 
mometried apparatus are not in a condition to give us the 
measure of tixo quantities of heat, since different bodies, 
presenting to our senses and by the thermometer Uie same 
temperature, may yield very unequal quantities of heat. But., 
to warm the same weight of a body to the same number of 
degrees, the same quantity of heat will always bo necessary. 

Now, according to tlie agreement which has been come to 
in Prance and in many other countries, the unit of heat or 
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adorie is the quantity of heat necessary to raise a kilogramme 
of water from zero to one degree centigrade. 

Unit of work. Mechanical force has been accurately de- 
fined only since the notion of -vrork has been introduced into 
science. The unit of mechanical work admitted in France 
is the Idlogrammetre ; that is to say, the force necessary to 
raise the unit of weight — ^the kilogramme — to the unit of 
height, the metre. 

Electric force is measured by one of its effects, the decom- 
position of water, for it is demonstrated that to decompose 
the same volume of water the same quantity of electricity will 
always be requisite. 

These measures of forces in action furnish, in their turn, 
the means of estimating the quantity of potential force con- 
tained in a body. Thus, it will be demonstrated that in a 
kilogramme of coal, and in the quantity of oxygen necessary 
to transform that coal into carbonio acid, there were in tension 
7000 units of heat, since by combining all the heat disen- 
gaged by combustion, a mass of water of 7000 kilogrammes 
sh^ have been heated. 

But a substance which bums is not always completely 
oxidized ; hence, it does not put in action the totality of the 
force which it contained in tension. A kilogramme of carbon, 
for example, may undergo only a first degree of oxidation, and 
thus becoming oxide of carbon it yields only 6000 units of 
heat. This oxide of carbon biiming in its tom, and becoming 
carbonic acid, will then yield only the remaining 2000 units 
of heat. 

Transformation of physical forces takes place, as we have 
said, without any loss of the transformed force. To demon- 
strate this, it must be proved that a certain number of units 
of heat transformed into work, will fomish a constant number 
of kilogrammdtres, and inversely, that this work in becoming 
heat again, will restore the primitive number of units of heat. 

The science which explains the relations between heat and 
mechanical work, and fixes the value of the mechanical equivalent 
of heat U called thermc-dymmicB, This conception, whidi is 
the complement of the theory of the transformation of forces, 
and which proves that in their transfoxmatioa they lose 
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nothing of their value, is justly considered the most remarkable 
of modem times. 

Partly seen by Sadi-Camot, clearly formulated by E. Mayer, 
demonstrated brilliantly by the experiments of Joule, the 
notion of the equivalence of forces is now admitted by all 
physicists. Each day furnishes a fresh confirmation of this 
doctrine, and leads to greater precision in the determination of 
the mechanical equivalent of heat. The value now generally 
admitted for that equivalent is 425, that is to say, that work 
equal to 425 kilogramme tres must be transformed into heat 
to obtain a unit, and inversely, that the heat capable of heat- 
ing to 1° Cent, one kilogramme of water at zero, if it be 
transformed into work, can, in its turn, lift a weight of 425 
kilogrammes one metre.'*' 

But one restriction must be placed upon the estimation 
of thermo-dynamic transformations. Carnot suspected, and 
Clausius had dearly established that in the case of heat being 
employed to produce work, the heat cannot transform itself 
altogether, and that the greater port remains still in the state 
of hoatj while in the inverse operation the whole of the work 
applied to that effect may be transformed into heat. This 
does not exclude the law of equivalence, of which we have 
just spoken | for if it be true that, in a steam engine for 
instance, there is only to bo found under the form of work a 
small quantity, about 12 por cent, of tlieheat produced by tho 
furnace, it is no less true that tho quantity of heat which has 
disappeared fumislios in work the exact number of kilo- 
grammotros which corresponds to its mechanical equivalent. 

These notions haxl no sooner been introduced into science, 
than the physiologists endeavourod to use them for the 
dearing up of tho obscure question of heat and work pro- 
duced by animals* Tho assimilation of living beings to 
ihennal machines was already in the state of vaguo con- 
ception. We shall soo what light has been thrown upon it 
by the new theory, 

* Womo experiments made by Eegnault on the raiJidity of sound, and 
on tlie expansion of gasoR, give as tho true value of tho c<|uivolcnt tho 
number 4S9* In England it is reckoned as 772 foot-pounds. 
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We have said that forces are produced within the organism. 
All living beings give out heat mid produce work. The 
disengagement of these forces is caused by the chemical 
transformation of food. 

In the living being it is possible to measure approximately 
the quantities of heat and work produced, and even to estimate 
the quantity of force oodtained in food ; in order to do this 
it is sufficient to apply the methods which physicists have 
employed in the estimation of inorganic forces. 

Thus, a man placed for some time in a bath will yield to 
the water a certain number of units of heat, which may be 
easily measured. Applied to the moving of a machine, the 
force of a man or an animal will produce a number of kilo- 
grammdtres no less easily to be measured. If the aliment be 
subjected to the experiments which determine the heating 
power of different combustibles, it will be found that each of 
them contains a certain quantity of potential force. Favre and 
* Silbermann have supplied most valuable information, attained 
by great labour^ on ibis point ; and Franklond has continued 
their investigations. We now know the calorific power of 
almost all the alimentary substances, it is, therefore, possible 
to calculate what free force their complete oxidation will yield 
either .under the form of heat or under tlie form of work. 

But, as we have seen with respect to combustibles employed 
for industrial purposes, the oxidation is not always complete. 
Coal partially consumed, gives solid or gaseous residues, 
such as coke and oxide of carbon, which, being oxidized in 
a more complete manner, furnish a certain quantify of heat. 
In the same way, the residues of digestion still contain non- 
disengaged force. AH these forces ought to he estimated if 
we want to know how much of their force in tension has been 
lost by the alimentaiy matters in passing through the organism, 
and how much ought consequently to he found again under 
the form of force in action. The urinary secretion also elimi- 
nates incompletely transformed products; the urea and the 
uric acid contain force in tension, which ought to be taken 
iVto account in calculations. 

The watery vapour which saturates the air as it comes out 

the lungs removes &om the organism and carries aw'ay with 
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it a certain quantity of heat ; the same things takes place in the 
boiler of a steam-engine, as well as in cutaneous evaporation. 

This complication in the measure of force among organized 
beings shows what dif&culties await those who are en- 
deavouring to verify the principles of thermo-dynamics in 
animals ; yet, nevertheless, it would be illogical to admit with- 
out proof that, in living beings, the physical forces do not 
obey natural laws. Several ttavanU^ flrtdy convinced of the 
generality of the laws of thermo-dynamics, have attempted to 
demonstrate them upon the animal organism. 

J. Bedard was the first who endeavoured to prove that in 
the muscles of man heat may be substituted for mechanical 
work, and vice versd. For this purpose he examined the 
thermometricol temperature of two muscles, both of which 
contracted, but one worked, that is to say, raised weights, while 
the other did not work. It might have been expect^ that less 
heat would have been found in the first muscle, because a 
portion of the heat produced during its contraction ought to 
have been transformed into work. 

The idea which governed Bedard’s experiments was 
assuredly correct, but the means at his disposal for ascer- 
taining the heating of the muscles were altogether insufficient. 
A thermometer was applied to Ihe skin at the level of 
the muscle, in order to give the measure of the heat pro- 
duced ; thus tho varialions of temperature obtained by Beclard 
according as tho muscle worked or not, were so slight that no 
real value could be attached to them. 

llcrdoiiheim obtained dearer results by operating upon 
frogs’ muscles, which he made to contract with or without the 
production of work, ascertaining their temperature by moans 
of thormo-olcctrio apparatus. 

Him was bolder in his experiments, for he sought to deter- 
mine the equivalent of mechanioEil work in animated motors* 
In order to make Him’s experiment comprehensible, let us 
consider tho simpler case of a mechanician desiring to establish 
the tiiermal equivalent of the work of a stoam engine, knowing 
how much fiiol it lias burned, what heat has boon given cut, 
and wlxat quantity of work has been produced. 

First, he will estimate the heat which should correspond 

0 
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mth the combustion of the coal -which he has burned ; he will 
prove that the heat which he has obtained is less than this» 
which is made evident by the disappearance of a certain 
number of units ; this disappearance he will attribute to the 
transformation of heat into work. Now as he knows the 
number of kilogrammetres produced by the machine, he will 
only have to divide this number by that of the units of heat 
which have disappeared, in order to find the number of 
kilogrammetres equivalent to each of them. 

Him believed ^at the combustion effected, the heat given 
out, and the mechanical work produced by a man could be 
est^ated at the same time. He enclosed the subject in a 
hermetically closed chamber, and made him turn a wheel 
which could, at choice, revolve with or without doing work. 

The air of the cWmber being analysed, showed what 
quantify of carbonic acid had been given out ; &om thence 
were deduced the combustion produced and the number of 
units of heat to which that combustion ought to have corre* 
sponded. 

The heat given out in the chamber was ascertained by the 
ordinary calorimetric processes ; it was, in proportion to the 
work produced, sensibly inferior to that wldch ought to 
have been found according to the quantify of carbonic acid 
exhaled. 

This disappearance of a certain number of units of heat 
was explained by their transformation into mechanical work. 

From these experiments Him deduced a valuation of the 
mechanical equiv^ent of heat for animated motors ; but the 
number which he obtained differed considerably from that 
which has been established by physicists. This difference is in 
no wise surprising when we think of all the causes of error 
which are united in such an experiment. There may have been 
an error concerning the quantity of carbonic acid exhaled ; an 
error concerning the nature of the chemical actions which 
disengaged this carbonic acid, and therefore respecting the 
quantify of heat which ought to have accompanied fhe disen- 
gagement; an error in ^e estimation of the heat diffused 
tibirough the calorimetric chamber; finally, an error as to the 
quantity of mechanical work produced by the subject. In 
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fact, wliile it is relatively eai^ to estimate tiie work of our 
muscles when employed in lifting a burden, there are other 
muscular actions which constitute an important sum of work 
and which we do not yet know how to value with precision ; 
we allude to the movements of the circulation, and especially 
to those produced by the breathing apparatus. 

The remarks which we have made upon the greater number 
of the physiological experiments ftom which it has been sought 
to establish numerical data, apply to that of Him. But 
though it cannot furnish an exact determination, this ex- 
periment at least enables us to perceive the manner in which 
the.phenomena vary; it shows lhat a certain quantity of heat 
always disappears ftom the organism when external work 
is produced. No greater precision could be obtained in the 
measure of thermo-dynamic transformation in the greater 
number of steam-engines, and yet nobody disputes that in 
these motors heat and work are substituted for one another in 
equivalent relations. 


CHAPTEE IIL 
ON ANIMAL HEAT, 

Origin of animal heat— Lavoisier’s thooiy— Tho perfecting of this theory 
— Estimates of the forces contained in aliment^ and in the secreted 
products— Difficulty of those estimates— The force yielded by ali- 
mentary substances is transformed partly into heat and partly into 
work— Scat of combustion in the organism— Heating of tho glands 
and muscles during their functions— Scat of calorification— Interven- 
tion of tho causes of cooling— Animal temperature— Automatic regu- 
lator of animal temperature, 

Duhimto a long period, animat heat was considered to bo of 
a peculiar kind, distinct from that which is manifested in tho 
inorganic kingdom j this arose from certain conditions under 
whicli the living tissues become hot or cold, without ite 
being easy to discover how this heat appears, or how it 
disappears. It was almost natural to admit that heat is 
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connected mth influences of nerrous origin, when it was 
seen that certain violent emotions produce icy coldness in 
human beings, whereas others bring into the countenance 
sudden heat. Now all these facts have found an explanation 
in wliich there is nothing to infringe the ordinary laws of 
physics. In order to comprehend them thoroughly we must 
pass under our review the production of heat and its dis- 
tribution throughout the various parts of the organism. 

It has long since been established that aliment is indis- 
pensable in the living being for the production of heat, as well 
as of muscular power. Inanition, at the same time that it 
reduces the strength of the animal, produces profound cold 
in it. We owe to the genius of Lavoisier the comparison 
of the living organism to a grate which bums or incessantly 
oxidizes substances taken from without, by borrowing from 
the atmosphere the oxygen requisite for these trani^orma- 
tions. This theory has triumphed over all the attadcs which 
have been made upon it, and their only result has been the 
perfecting of its details. 

Let us reduce to its true proportions the comparison of the 
living organism with a burning grate. In both, an oxidable 
matter flnds itself placed in relation with oxygon ,* but while, 
in a grate, the natural gas comes in contact with the com- 
bustible previously raised to an elevated temperature, in the 
organism the gas dissolved in the blood comes in contact with 
materials which are themselves dissolved in that liquid, or 
which have deeply entered into the tissue of the organs. 
Thus, the circulation transports into eveiy part of the 
organism the elements which are necessary to the disengage- 
ment of force. These bodies remain in contact, without acting 
one upon the other, until the moment arrives when a specific 
action brings about their combination. This oiHce, analogous 
to that of the spark which kindles the flame, or to that of 
the cap which discharges gunpowder, belongs to the nervous 
system. 

When the oxidation is at an end, and tlie forces necessary 
to the functions have been set at liberty, there remain in tlie 
tissues certain products which have become useless, and which 
may be compared to the ashes in the grate and to the gases 
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whicli go up ihe chimuey. These products must be elimi- 
nated. Again, the circulation undertakes this ofEce; the 
blood dissolves the carbonic acid and the salts which are the 
ultimate products of organic oxidation, and then carries 
them, in its perpetual course, to the eliminating organs, the 
lungs and the glands. 

So long as it remained unsuspected that heat and mechanical 
work could be substituted for each other, an attempt was 
made to account for all the combustions which take place 
in the living organism, by estimating the quantity of heat 
discharged by an animal in a given time- Physicists and 
physiologists made great elTorts to determine this illusory 
equality between the theoretical heat, which corresponded 
with the combustions which take place in the organism, and 
the quantity of heat famished by the animal under experi- 
ment. 

Just as a machine, when it is working, famishes less heat 
to the calorimeter than would be given out by a simple grate 
consuming the same quantity of combustible matter, so the 
living being gives out less heat in proportion os it executes 
more mechanical work. We have seen, by Him’s experiments, 
that it is solely according to the ^Serence which exists 
between the heat experimentally obtained and that theo- 
retically estimated, that we now endeavour to find the value 
of the equivalent of mechanical work in living beings, 

Wliatevor may be the varied manifestations of force in the 
organism, a certain portion of that force always appears 
under the form of heat, and this it is which gives to animals 
a higher temperature than that of the medium in which they 
live. 

May we not, by ascertaining the temperature of the different 
parts of the body of the animal, discover the points at which 
heat is formed, and define the actual seat of those comr 
bastions of which we establish only the distant results ? 

It is now demonstrated that the lungs, by which the oxyger 
of the air penetrates into the organism, are not the seat of 
combustion, because the blood which comes out of that orgau 
is, in general, colder than that which has gone into it. If 
two thermometers or thermometrical needles be introduced 
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into tlie heart of an animal, in order to ascertain, the tempe- 
rature of the blood which is returning through all tha veins 
of the body into the right cavities, and that of the blood which 
is coming into the left cavities from the lungs, we find that 
the blood of the right-hand side of the heart is the warmer ; 
so that it follows that heat is principally produced along the 
course of the great circulation. 

If we would more particularly localize the origin of heat, 
we must take a special organ and investigate, in a com- 
parative manner, the temperature of the blood which comes 
to it through the arteries, and goes out of It through the 
veins. Thus it has been recognized that the musdes, in 
action, and the glands while they are secreting, are organs 
for the production of heat ; and in them the most energetic 
ohemioal action takes place. 

But we must not expect, when examining all the muscles or 
all the glands at the moment of their action, to find an un- 
varying elevation in the temperature of their venous blood. 
A third element enters into the problem; it is the loss of 
heat which tak;es place while the blood is passing through the 
organ. Now, all portions of the body are not equally sub- 
jected to loss of heat; the most superfioial are the most 
exposed to them, while the deeper organs axe sheltered 
against the causes of cold,^ Under these conditions every dis- 
engagement of heat in the glands ought to be represented by 
an elevation of temperatxire in the venous blood. If, on the 
contrary, we lay the sublingual gland bare, in cold weather, 
and investigate the temperature of the blood in the veins of 
that gland, we shall find the blood colder than that which 
has entered through the arteries. Must we conclude fi:om 
thence that there has been no disengagement of heat in that 
gland? In no wise. We must simply admit that the loss 
of heat has exceeded its production. 

In short, boat appears to be produced in all the organs, 
but in various degrees, according to the intensity of the 

* 'When wo wish to ascertain tho increase of temperature of the hlood 
in tho glands, wo must choose, for tins investigation, tho hlood of the 
veins of the liver or the kidneys, organs Weltered from cooling influences. 
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chemical action which takes place in them. Tho temperature 
of an organ necessarily results from the heat supplied to it 
by the blood, &om that which has been produced in its 
interior, and from that which it has lost. Thus it is that 
certain veins, those of the limbs, for example, bring back 
blood colder than that of the corresponding arteries ; whilst 
others, like the sub-hepatic veins which leave the liver, bring 
back blood warmer than that which has entered the hepatic 
gland. In fact, after all compensations are made, the heated 
venous blood predominates in the living organism over the 
cooled blood; so that it re-enters the heart C. warmer than 
when it came out of it. 

This leads us to study the question of the temperature of 
animalsrn 

Among the different aiumal species, some, while producing 
heat, are subject to the variations of the surrounding tem- 
perature, so that they have been called cold blooded. They ore 
now called animals of vaadable temperature, which is more 
exact. As for the animals called warm blooded, they possess 
the singular property of having the blood .in the deeper 
portions of their bodies almost always at the same tempera- 
ture, notwithstanding the variations of the external boat* 
Thus, a man, sailing from the polar regions to the equator, 
may iDe subject, in a few weeks, to changes of 54*^ P. in the 
surrounding temperature, but his blood remains at about 
lOS^^F. 

It is easy to understand that in the midst of incessant 
variations in the production of heat inside the organism, 
and of the no less great variations in the causes of its 
waste, such uxnformity can only be obtained by means of a 
regulator of the’ temperature. We shall now proceed to certain 
developments of the wonderful functions of tho regulator of 
the animal temperature. 

Human industry has often found it difficult to provide fixed 
temperatures, or at least to counterbalance the causes of ex- 
cessive heat and cold. A hot-house must neither fall below, 
nor rise above a certain temperature. But this problem is 
relatively a simple one; the hot-house is always warmer 
than the external air ; it can only subjected to more or less 
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intense causes of cooling, wMcli may *be compensated by a 
suitable variation of beat Bunsen’s regulator solves this 
problem satisfactorily, by regulating the supply of gas vrhich 
serves as a combustible, augmenting it if the indosed air 
tends to grow cold, diminishing it in the opposite case. 

In the animal economy, two orders of influences tend in- 
cessantly to cause variation of temperature in its production 
and in its expenditure. Causes of loss of temperature exist, 
as in the instance just mentioned. The temperature of the 
surroimding air, against which our clothing protects us more 
or less effidently, on the one hand, and the more or less 
easy evaporation by means of cutaneous perspiration, accord- 
ing to the hygrometrical state of the atmosphere on the 
other; the action of the wind, or of air-currents; the tem- 
perature of the baths which we tahe, all these different 
causes tend to increase or diminish the waste of heat to 
which the body is subject. To these influences must be added 
those of the hot or cold food which we eat ; of the hot or 
cold air introduced into our lungs by respiration, &c. All 
these constitute in general the causes of loss of heat. 

Another variable element in the establishment of the 
animal temperature is the production of heat which tabes 
place in the interior of the organism, and which, as well as 
its loss, varies under numerous influences. The aliments of 
which we partake, act, through their nature and quantity, on 
this production of internal heat ; the activiiy of the glands 
causes a discharge of caloric; and the case is the same with 
respect to muscular action, which cannot be produced without 
ihe heating of the musde. 

It is true that within certain limits our senses warn us to 
restrict the production of heat, or to promote it, according as 
external influences diminish or augment its waste. Thus, 
the amount of food taken varies with climate, so that the en- 
forced sobriety of the dweller in hot countries has no raison 
d'etre in cold ones. Obligatory idleness during the heat 
of the day under a burning sky is one manner of diminishing 
the production of heat; the Northmen,, on the contrary, en- 
deavour to compensate, by muscular activity, for the cold to 
Nvhicli they are subjected. 
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But these are not the true regulators of the animal 
temperature. Our will commands all those actions whoso 
influence may he favourable to the regulation of our tempe- 
rature ; but, in general, Nature, in order to secure the indis- 
pensable functions of life, removes them &om the control of 
our wilL It is in an automatie apparatus that we shall find 
the real regulator of temperature. 

This apparatus must obey external and internal influences 
at the same time, it must retain heat when it tends to be 
dissipated too rapidly, and, on the other hand, it must facili- 
tate its decrease when it is produced too abundantly within 
the organism. 

This double end is achieved by a property of the circu- 
latory system : the blood vessels, animated by nerves whose 
action has been revealed by M. Cl. Bernard, close under the 
influence of cold, and open under the eJTect of heat. This 
^property regulates the course of the blood in each of the 
organs, and at the same time the temperature throughout the 
entire economy. 

Let us take an animal which has just been killed; the 
circulation of the blood is stopped, and with it all the 
functions. This animal, if placed in a low temperature, 
becomes cold. According to physical laws, the extremities of 
the limbs and the surface of the body will lose heat in the 
first instance, while the central portions will still remain very 
hot, being sheltered by the more superficial layers against the 
causes of loss of heat. This corpse will resemble an inert 
body which has been heated, and is growing cold. The cir- 
culation of the blood opposes itself, during life, to the 
unequal partition of heat over the various points of the 
organism; bringing the arterial blood, at a temperature 
of nearly 88® (centigrade), to the superficial portions, it warms 
them when the external temperature tends to chill them. On 
the other hand, if, in the living animal, the production of 
heat has been augmented, the circulation opposes the inde- 
finite heating of the central rogions of the body ; it brings 
that heat to the surface, where it is lost in contact with the 
external colder nxedium. 

The efl'eot of the circulation of the blood is therefore to 
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render tlie temperature of the organism uniform. But this 
uniformity is never complete; in feet, except in the case of the 
animal’s being in a vapour bath at 88° C., and losing none of 
Its heat, the surface of the body is always colder than the 
interior, but no ill effect is produced by the chill, which does 
not act upon the essential organs. 

If the circulation of the blood were of equal swiftness in every 
part, such a uniformity would not result in the preservation of 
the uniform temperature necessary for the internal regions of 
the body; we shoiald then merely see it exposed to more general 
elevations and depressions of temperature, according to the re* 
spective predominance of causes of heat or the loss of it. To 
produce uniformity of central heat it is indispensable that some 
influence should augment the rapidity of the circulation 
each time that the organism produces more heat, or that the 
elevation of the surrounding temperature diminishes the causes 
of cooling. Circulation in the superficial portions of the body 
is extremely variable, as we may ascertain by observing the 
varying aspects of those portions, which are sometimes red, 
hot, and swollen, sometimes pale, cold, and shrunken, accord* 
ing to the more or less abundance of the blood which circu- 
lates in them. This variability depends upon the contraction 
or the relaxation of the little arteries, whose muscular sheaths 
obey special nerves. When, under the influence of these nerves, 
named vaso-motors, the vessels contract, circulation slackens, 
while by a contrary action, the relaxation of the vessels ac- 
celerates the course of the blood. Now, it is the tempera- 
ture itself which most generally acts in regulating this state 
of contraction or relaxation of ihe vessels, so that the animal 
temp^ature possesses in reality an automcndc regulator. 

Every one has observed the influence of heat and cold on 
the diculation in the skin. If we dip one hand in hot, and 
the other in cold water, the first will grow red and the second 
pale ; heat has, therefore, the effect of relaxing, and cold of 
contracting the vessels. In other words, according to what we 
have already seen, heat, by its action upon the circulation, 
favours the loss of heat ; while cold acts in an inverse sense, 
and tends to dimmish the intensity of the chilling process. 
And it is not only under the influence of the variations of the 
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external temperature that these effects are produced ; they are 
equally observed when the animal heat varies in its produc- 
tion. The heating of the organism which accompanies 
muscular activity, or which re^ts 6om taldng very hot 
drinks, produces the acceleration in the superficial circulation, 
which throws out this excess of heat to the surface. Inanition, 
muscular repose, the drinking of iced waters, &c., slacken the 
circulation near the surface and check its cooling action. 

Such are, as far as we can explain them in a short chapter, . 
the origin and the distribution of heat in the animal organism. 
The part played by the circulation of the blood in the distri- 
bution of heat, perhaps demands more ample details ; and, 
indeed, we have treated it more fully elsewhere.^ In the 
present chapter we have studied heat only as manifestation of 
force, and have merely designed to show that, notwithstanding 
all appearances, heai^is of the same nature in the inorganic 
world and in organised beings. 


CHAPTER IV, 

ANIMAL MOTION, 

Motion is tho most apparent characteristic of lifo; it acts on solids, 
liquids, and gases — Distinction hotwoen the motions of organic and 
animal life—Wo shall treat of anwnal motion only— Structure of tho 
muscles — Undulating appoaranco of tho still living fibre— Muscular 
wave— Concussion and myography— Multiplicity of acts of contrac- 
tion-intensity of contraction in its relations to the frequency of 
muscular shocks — Characteristics of fibre at dlfiereut points of tho 
body. 


Motion is the most apparent of tihe characteristics of life ; 
it manifests itself in aU Ihe functions ; it is even the essence of 
several of them. It would occupy much space to explain the 

♦ Physiologic m6dieaU dc la CircaloMon du Sang, Paris, ISdS ; and 
TMoric physiologiguo du ChoUrOt OfmttA Echdcmxadaire dc MidcciM 
1867. 
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mechanism by which the blood circulates in tlie vessels, how 
air penetrates into tlie lungs, and escapes from them alter- 
nately, how the intestines and the glands are perpetually 
affected by slow and prolonged contractions. All these move- 
ments take place within the organs without the exercise of the 
will ; frequently even the individual in whom they occur is 
unconscious of them ; these are the acts of organic life. 

Other movements are subjected to our will, which regulates 
their speed, energj’, and duration; these are the muscular 
actions of locomotion, and the different acts of the life of rela^ 
tion. We shall treat specially of this order of phenomena, 
which are more easy to observe, and to analyse. Suffice it 
here to say that the absolute division between the acts of 
organic life and those of the life of relation ought not to be 
accepted unreservedly. Bichat, who established it, based it 
upon anatomical and functional differences which are of less 
importance now than they were in his time. The mus- 
cular element of organic life is unstriped £bre obedient to the 
nerves of a particular system called the great sympathetic, 
on which the will has no action ; motions produced by this 
hind of fibre are manifested some time after the excitement of 
the nerve or of the muscle, and continue for a considerable 
time. In fact, the object of those acts which are intended to 
maintain the life of the individual imprints upon tliom a 
special character. The muscular element of tlxe life of rela- 
tion consists of a fibre of striated appearance, whose action, 
under the control of the will, is dependent upon nerves 
emanating directly from the brain or from the spinal marrow. 
These movements become evident rapidly as soon as they are 
provoked by excitement; they are of brief duration, and Jire, 
generally, not indispensable to the maintenance of the life of 
the animal. 

Although this distinction is, in a general way exact, it is 
plain that it is too arbitrary, and that numerous exceptions 
to the anatomical and physiological laws which it tends to 
establish may be qixoted. Thus, the heart, an organ directly 
indispensable to organic life, and not under the governance of 
the will, is a structure which much resembles the voluntary 
muscles. Certain fishes of the genus tinea have striated muscles 
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in tlie large intestine, as Ed, Weber has pointed out. Vexy 
often, on the other hand, the will has no power over certain 
muscles which, by their structure, and by the nature of the 
nerves which animate them, belong to the system of the life 
of relation. Habit, besides, by repeated exercise, appears to 
extend the action of the will over the muscles, almost 
indefinitely. The young animal shows, by the awkwardness 
of his movements, that he is not in full possession of his 
muscular functions; he seems to have to study the simplest 
acts, and performs them badly; 'while the gymnast, or the 
skilled piano forte-player executes prodigies of agility, strength, 
or precision, without any apparent efibrt of the will proptir- 
txonate to the result obtained Many physiologists think, and 
we are of the same opinion, that there exist In the brain, 
and in tlie spinal marrow, centres of norvmts action which 
acquire certain powers, by force of habit. They attain to the 
command and co-ordination of certain groups of movements 
without the complete participation of that portion of the brain 
which presides over reasoning and the consciousness of our 
actions. 

Let us lay aside these questions, which are still under invos- 
tigation, and examine iuto the production of ntotiou in u 
voluntary muscle. Tho organ which gonorates imdioii ia 
composed of several clomouts. Simple as it is sup^KWini to 
he, it requires the intervention of mUHCular fibre, of the 
vessels, which unceasingly convoy to it tho choinical elcmmits 
at whose expense tho motion is to be jiroduccd, and finally, of 
the nerve which excites motion in tlio fibre. 

When tho pliysiologist desires to analyse tlie fiftiona 
which take place in tho muscles, he does not deal, in thn first 
place, with voluntary motions, whose compl<»xity is toi> gn*at. 
The operator isolates a muscle, and induces motion in U, by 
bringing to act upon its nerve artificial oxdtemontH whu'h ho 
has under his control. 

To give an idea of ilio part played by on<di of the oh»mo«(a 
of tho motive apparatus in tho production of moveinont, it is 
sufiiciont to operate upon tho log of a frog. Ity laying bans 
and severing tlie sciatic nerve, the influ<»nco of will iip»»n ilio 
muscle may bo suppressed, so that tlio latter will only execute 
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such motioES as are produced I?y excitation, electric or 
otherwise, applied to the portion of the nerve which remains 
in communication with it. On the sides of the sciatic nerve 
are an artery and a vein. Compression of the artery will 
prevent the blood from reaching the musde ; compression of 
the vein will produce stagnation of the blood. The influences 
which different states of circulation produce upon the muscular 
ftmction may then be observed ; and, finally, by making an 
incision in the skin of the foot, the muscle wiU. be laid bare, 
and cold, heat, or the various poisonous substances by which 
its action is modified, may be brought to bear directly upon it. 

*When the nerve of a frog thuB prepared is excited by an 
electric discharge, a very brief convulsive movement in the 
musde is produced; this motion is called Zudkmg by the 
German physiologists, and we propose to call it shodk, in 
order to distinguish it from true contraction. It is so rapid 
that its phases cannot be distinguished by the eye, so that, to 
appreciate its characteristics aright, recourse must be had to 
special instruments. Hegistering apparatus only can supply 
this need, for they faithfi^y render all the phases of motion 
communicated to them. The general disposition of these forms 
of apparatus, which for a long time were used almost exclusively 
in the service of meteorology, is generally known. The 
indications of the barometer, of the thermometer, of the force 
or the direction of the wind, of the quantity of rainfall, &o., 
register themsdves under the form of a curve which, accord- 
ing as it is elevated or depressed, expresses the increase or 
diminution of intensity of the phenomenon to be registered* 
The time during which these variations are accomplished may 
be estimated, by the length occupied by the curve upon the 
paper, which travels in front of the marking pen with an 
ascertained and perfectly regular i^eed. 

The use of instruments of the same kind has been introduced 
into physiology by Volkmann, Ludwig, and Helmholtz. We 
have endeavoured to extend the employment of them to a great 
number of phenomena, and we have constructed many instru- 
ments whose description would be out of place here. The 
apparatus which registers muscular motions bears the name 
of myograph f it shows the disturbance of the muscle by 
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means of a curve Tyhicli readily allo'vrs us to study its phases. 
We have fully explained elsewhere the nature of this in- 
strument, the experiments for which it is suitable, and 
the results which it gives.^ At present we shall limit our- 
selves to a summary description of the chief results of 
myography. 



Fiq. a«*-Tltu 


In order to explain ttifflfouglily the function <rf the appa- 
ratus, let us reduce it in tlio first place to its essential 
elements. Fig. 2 shows a nxnsole of the calf of a frog's log, m, 
suspended hy a clip by means of the bone to which the upper 
part of the muscle is attached. The tendon, t, of the muscle 
has been out and then tied by a thread to the lever, L, one end 
of which ^ be raised or lowered while the other is fixed ; the 
nerve, n, is fflisceptible of eleotrio exoitement, which produces 
TOrtain oontraotions followod hy relaxations in tho muscle, that 
is to say^sftoefts. Bach of these movements of the muscle is 
communicated to the lever, which is raised or lowered, ampli- 

Du Mmwmeni data k» Panetionsde la Vie, IVrlM, 1SC7 : Q. Bsillion, 
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fying at its extremity the motions which it has rpceivod 
This lever, which ends in a point, traces on a turning cylincle: 
certam curves, which, when they uro raised, indicate the eon 
traction of the muscle, and when they aro lowered, show 
its return to its primitive length. 

With the arrangement which wo have made in tho myrngrapi 
a muscle may be operated upon without lieing detached fr<m 
tho animal, which allows of tho organ being left in tho norma 
conditions of its function. 

In Fig. 3 tho frog is represented in tho experinumt, fixed 
hy means of pins, on a iiiece of cork. 



Vim. JI.— &lyftgrti|>h. 


I ho brniu anti spinal tuarrow Imvo houn provtouitly 
(W US to extinguish all voluntary movomont and Hensibilitv 
Allhougli, to all appearance, the animal is dead, it will «„vc'f. 
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theless retain for several hours the circulation of the blood, 
and the power of motion under the influence of electric 
discharges. An eleetrio excitator convejs'the current fi*om on 
induction coil to the nerve of the frog. 

In order to register these movements and to depict them 
by curves which express their different phases, they are trans- 
mitted to the myograph in the manner already described. 
The tendon of the muscle is cut, and connected by a wire 
which is fastened at the other end to the lever of tlie 
registering apparatus ; the latter moves in a horizontal plane, 
when the contractile force of the muscle is exerted upon it. 
As soon as the muscle ceases to act, the lever returns, under 
the pressure of a spring, to its original position. At the free 
extremity of the lever is a point which traces, on a turning 
cylinder covered with smoked paper, the motions produced by 
the alternate contraction and relaxation of the muscle* 

When the cylinder is motionless, the lever traces, for each 
muscular shock, a straight line which expresses (by amplifying 
it in a known proportion) the extent of the contra(»tiou of the 
muscle. Several authors limit themselves to thi.s kind of 
myography, by which they ascertain the variutionsproducml by 
different influences in the intensity of muscular action. By 
giving the cylinder a rapid rotatory motion, a curve is obtained 
which expresses by its height tho extent of the contraction, 
and indicates by its inclination, which constantly varies, tho 
speed with which tlio muscle passes through tho diifcreu'' 
phases of tho shock. Finally, in order to obtain, withoiu 
aonfbunding thorn, a groat numlKir of BUCcoHsive tracings, 
the foot of tho myograph is placed u|)on a little railroad 
which works parallel to tho axis of tho cylinder, 
writing point then traces an indeflnito spiral all round tho 
lylindor, and on this spiral a number of regularly grudiiuhal 
mrvos (Pig. 5) aro traced, answering to a H(•ri^^s of 
jxcitations produced at equal intervals; each of these curves 
•oiTOsponds with one of tho electric shocks. 

If tho speed with which tho cylinder turns l)o augmented 
»r diminisliGd, a chango ensues in tlio uppearanco of th«» 
urns, which necessarily occupy a greater or less spaco on 
ho paper, but if a uniform spood in the rotation of the 

n 
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cylinder be inamtamed, the curves retain tbe same form so 
long as the muscle gives the same movements. 

Not only are shocks produced in the muscle by acting 
upon its nerve by electrioiiy, but also by applying electric 
excitement to the muscle itself. Pinching, percussion, and 
cauterization of the nerve are also excitants which provoke 
shocks of the muscle. 

The character of these movements changes under certain in-* 
fluenoes. Fatigue of the muscle, the cooling of that organ, the 
stoppage of circulation in its interior, modify the form of the 
shoc^, diminish its force, and augment its duration. Under 
these influences the myographio curve passes through different 
forms, such as 1, 2, 3, Fig. 4. 



Pjo. 4.— Cbaractor of tho shook, noeordlxig tbo doffrco of fatlipie of tlio 
musolo : 1, musolo freak ; 2, muscle a littlu Mgaod ; a, muscle still mure 
fatigued 

Among the different species of animals, the durations of the 
(Shock vary considerably ; in the bird they are very brief (two 
to three hundredths of a second). In man they are longer ; 
in the tortoise and hybemating animals longer still. Certain 
poisons modify the oharaotexistics of this movement in so 
special a manner, that the slightest traces of those poisons 
introduced into the circulation of the animal may be disco- 
vered in the form of the tracings. 

By Fig. 5, we may judge of the successive forms which 
will be assumed by ihe shocks of the muscle of a frog, under 
the influence of a gradual absorption of veratrino. 

These experiments still reveal only one fact: it is that 
the muscle is shortened or lengthened by a movement whose 
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phases vary under the different influences which we have Just 
described. 

If we endeavour to pursue the study of this phenomenon of 
the contraction of the muscle, we see that it is only a change 
in the form of that organ, and that the diminution of length 
is accompanied by a corresponding dilatation which might 
be expected in a sensibly incompressible tissue. ‘But the 
manner in which this dilatation is produced is curious. 



It has been long since observed that thero are formed tipoxi 
Kving muscles at the points whore they are excited, lunipn or 
nodosities which run along the whole length of the muschs 
with more or loss rapidity, like a wave on the surface of tJa? 
water. Aehy’*'^ has shown that this is a normal phetiotncnon, 
and, under the name of musadar tpfn% ho has doserilaid this 
movement, which, from the excited point, passes to the two 
extremities of the muscle at tho rate of about a luotr^^ in u 
second. By means of an apparatus, which wo liava called 

* tihn* flh I^htipJhufunjffs/yt'sr?/ iriittf JR* httttffi m 

dGT rjner^gciitreiftcii Mmb'i/tf'ierit* JJraliuscIaM'i;' : LS0:J, 

11 :2 
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myographical dips, the reality of this movement of the wave 
may be verified in the living animal. 

When the wave appears in the muscle, it produces con* 
traction. During the whole of its passage the contraction 
continues, and when, having reached the end of the muscular 
fibre, the wave vanishes, the contraction disappears with it. 

These facts resemble those which the microscope reveals in 
living muscular fibre. Let a bundle of muscular fibrt?s 
taken from an insect, aud placed under the objective of the 
microscope (the feet of coleoptera are woU suited fi)r this 
purpose) ; we first observe the beautiful transverse striatioii 
of these fibres, and then we perceive on their surface an undn- 
latoiy movement often alternating, which resembles the nrotion 
of waves on the surface of water. On examining this 
phenomenon more doscly, we see that the transverse strim 
of the fibre are, at c3ortam points, very close together, whirli 
is shown in the figure by a dilatation of the fibre. This 
is the wave shown hy the microHfiope ; tlio longitudinal con- 
densation of the muscle at this point gives it greater opiwJty 
than in the other portions (Fig. 6.) This opai|uo wave travels 



TifJ. a— AnHiaraiicu prewntcU by u w.ivo iu muMctUur tihuf. 


flirouRh the len^h of tho fibre. In otlior wordn, tlm 
at ■which tho stria) approach each other aro not always tho 
same, tho longitudinal nondonsation disappoats in one* pla<-o 
whilst it is produced in tho contiguous parts. 

Since the contraction of tho musolo is aa>ompauiml hy its 
transverse dilatation, wo may study tho chariioterisfifls of 
the motion produced in a ratiscdc, according to this cxiiunsion. 
Wo have Bucooeded in registering those changes hi tho 
volume of tho muscle, os wo have rogistorod tfio cliungw 
in its length. Under those conditions wo might study 
muscular action in man himself, because thoro is no need 
of mutilation. 

Lotus suppose a musclo hold between the flattened ends of 
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a clQlp ; at each of its dilaiaiions the muscle will force open 
the ^p, and this movement may be registered. This method 
enables us to study the phenomenon of the muscular wave, 
and the speed with which it travels throughout the whole 
length of the muscle. 

Fig. 7 exhibits a bundle of muscle held at two points 
of its length between the myographical clips, 1 and 2. 
Those instruments are so constructed that when their ends 
are pushed apart by the dilatation of the muscle, the move- 



Pio. 7. — tWHpiiRition of a Uimdlo of mwaclo between two paire of myo- 
fcrapblcal diim. Clip No. 1 bolds tho olcotrb* oxoltnt(»iii of tna muecZo. A 
wHvo ie roprosontcd at the uiomout wbon it Ziae iuet crowiod eoeb of 
elipN. 

ment compresses a sort of littlo drum which sends a portion 
of the air which it contained through an india-rubber tube 
into a similar littlo drum. Fig, 7 shows two of these instru- 
ments fixed upon a foot. The expansion of the membrane 
lifts a registering lever, and thus gives notice of the dilatation 
of the muscle at the point where it is compressed by clip 
No. 1. The movement is shown upon the tracing by a curve 
analogous to those which we have already seen* 
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Let us suppose that the muscle is electrically excited at 
the level of the first clip ; notice is given of the formation of 
the wave at that part of the musde, hut dip No. 2 does 
not yet give its signaL In order that it may act, the wave, 
as it passes along the musde, must reach it. As this occurs, 
dip No. 2 gives the signal in its turn, and it is shown by 
the tracing, that this second movement is later than the first 
by a certain space whose duration maybe estimated according 
to the speed of the rotation of the cylinder. 

The infiuences which modify the intensity and the duration 
of the muscular shock have appeared to us to modify the 
intensity and the speed of the propagation of the wave. Thus 
the two lower curves represented in Fig. 8 show that the 
transference of the wave is retarded by cold. 



Fia 8 determixmtlons of the epeed of tlie muscdaa: -wave. 


The erperiment has been made upon the musdes of the 
thigh of a rabhit. The dips were placed as far as pos- 
sible apart, about seven centimetres. Electricity was applied 
to the lower extremity of the muscle, and the two upper curves 
of Fig. 8 were obtained. The interval which divides those 
curves marks the duration of the transferenoe of the muscular 
wave. After the musde had been chilled with ice the cmrves 
at the bottom of the figure were obtained. We see that the 
transferenoe of the wave is slackened, for there is a bnger 
interval between these curves than between the first. 

Production of mechanical force m the muscle, — ^We have seen 
that ohemioal action is the source of muscular force ; through 
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wliat media does this force pass before it becomes mediaoical 
work? 


In steam engines, heat is the necessary medium between 
the oxidation of the fuel and the developed mecihonical work. 
It is very probable that the same 


thing takes place in the muscles. 
The cliemical action produced by 
the nerve within the fibre of the 
muscle disengages heat from it : 
tills heat in its turn is itself 
partially transformed into work. 
\Ve say partially, .sin <‘0 accord- 
ing to the Hf‘cond xnincipto of 
themio-dynamica, heat cannot lie 
entirely transformed iuhi me- 
chanical work. 

Certain facts seem to justify 
these views : thus, hy warming 
a muscle, we change the form of 
it, and may see it contract in 
length as it expands iu Imwlth. 
These effects disappear when tlio 
muscle is ooolod. 

Muscular fibre is not singular 
in its power of transforming hmt 
into work. India-rubber, for in- 
stance, has an analogous property, 
and this substance may lie made 
to imitate the muscular phe- 
nomena to a certain degree. If 
we take a strip of india-rubber 
(not vulcanised), and, drawing it 
between the iingers, stretch it out 



to ten or fifteen tinics its original 
length, wo 8<^o that it 1 becomes 


» i» I'l m ♦rf lion* lnt»» 

wtirk t>y a Mtrtfi ttf iiitlia^niUwr. 


'wliito, und of a imrly Imtm. At tho RAmo time tbo strip 
will Iwcmmo sonsiltly warn, and it will toad aaorfifotirally t« 


rotuni to its original cnnditifm, m titat if wo lut go oithor of 
its ouds, it will instantly rosumu its funnor kngtli, and JUtU to 
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its orieinal temperature. According to our view, the sensible 
heat has disappeared and become mechanical work. If we 
nlunge the strip when extended into water, so as to deprive it 
of ite heat, it remains, as it were, congealed in its extended 
state and does not develop any mechanical work. But if wo 
restore to the elongated strip the heat which it had lost, it 
vill recover its elasticity with considerable force. Fig. 9 
represents a strip of india-rubber thus pulled out and cooled^ ‘ 
It has been laden with a weight that it may have no tendency 
to recover itself. But, if we take the strip between our fingers, 
we feel it swell and shorten at the same time that it lifts the 
weight ; there is again production of mechanical work. 

If we thus heat the strip at various points w’e create a 
series of lateral expansions, each of which raises a certain 
quantity of the weight. Lasfiy, if we heat it throi^hout all 
its extent, the strip returns to its orig^al dimeuuons, with 
the exception of the slight elongation produced by the sue* 
pended weight. 

Strong analogies exist between these phenomena, and 
tbnfM which take place in muscular tissue. The identic would 
he perfect if the wave which heat produces on the strip of 
indisrrabber were transmitted to each end. This transfir 
implies, in the muscular fibre, the successive i>ropag 
of the chemical action which disengages the heat. It is 
that if we light a train of powder at one point, the 
candescence spreads throughout its entire length. 

These analogies have struck us as being remarkable : tlu 
seem to tts to open new views of the origin of muecuhb 
action. 
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CHAPTEE V* 

CONTRACTION AND WORK OF THE HraCLES, 

The function of the nerve— Rapidity of the ncr\'ous Mcnsurcs of time 

in physiologVr-TetanuH and mu:}uular coutr letion— Theory of con- 
traction— Work of the muscke. 

The exgeflriments described in tlio precedinj^ clmptor show 
ns the imi^e under artificial conditionsi '^-Ihrh nuiy, perhaps^ 
induce to suspect the results which they fiirtiiMli. Cuu 
this ejl^ectrical agent, which Itas been enipluyf^d to excite 
motion, bo assimilated to the unknown agent whit?h the will 
senm through the nerves to command the muscles to act? 
Arad these artificially-produced movemrnta, tlifwo brief shfKrks, 
always similar if the conditions of the muscle be not cimnged, 
in what do they resemble tlio motions c^tumiindod by the 
will, which are so varied in their form imtl their duration ? 
These objections deserve at least a brief (liHcitsHion* 

T/te function of the nerve. When a nerve is excited l»y an 
electric discharge,^ the ch*<{tricity employed docs not olvimys 
pass to the muscle in which the reaction takes place, Tho 
shock is produced equally w'oll when all propagation of tlio 
electric current along tho tmrvo Is prevented, and it oxlubifs 
itself equally when extdtunts of a quite different nature nro 
employ^, for instance, pinching or percussion. Thus, iho 
excitant employed oxdy exciters iu tho nerve the tranhfcronnt 
of the agent which is proper to that organ. 1 h not Uiin 
nervous agent itself oloctricity? NotwithHtandiug tho nhlo 
labours of tlie Gorman physiologists, and (‘spcciiilly of 
M. pu Bois Koymond, science has not yet dccjihnl on that 
subject. We^kttow that olcctric plionomoiia are produted in 
the nerve when it has been excited in a certain way, and 
that their propagation throughout tho nervous cord seams 
to have precisely the same speed as that u{ tho traTinfcmnco 
of the nervous energy itself. How lias this simoil been 
measured ? 
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Hd.mlioltz had the boldness to undertake this measurement, 
and, by determining the speed of the nervous agent, he has 
furnished physiologists with a method which enables them to 
measure the duration, of other phenomena connected with the 
nervous or muscular functions. Thus the experiment described 
above, in which we have measured the speed of the trans- 
ference of the wave in a muscle, is only an application of the 
method of Helmholtz. ' ^ 

In order to make the conditions of mis experiment 
thoroughly -comprehensible, let us make use of\a comparison. 
Let us suppose that a letter is despatched from to go to 

Marseilles, and that, being resident in the latteS^own, wo 
should be informed of the precise instant at which tko postal 
train leaves Paris, while we have nothing to warn of its 
arrival at Marseilles except the knowledge of the moxi^nt at 
which the letter is delivered there. How can we, accordiS^ to 
these data, estimate the speed of the mail train? It is c%)at 
that the instant at which we receive the letter does not inffli- 
oate that of the arrival of the train ; for between that arrivfol 
and the distribution, many preliminaries take place, the sorting 
of letters, delivery, &c., which require a certaia timo not 
within our knowledge. In order to liave an exact idea of tho 
speed of the train which carries the mail, we must xeceivo 
a signal of the passage of that train through an intermediate 
station between Paris and Marseilles, Dijon, for instance; 
then we shall see that the distribution of letters takes place 
six hours sooner after the departure from Dijon than after the 
departure from. Paris. Knowing the distance which seimrates 
these two stations, we may ascertain from the time employed 
in traversing it, the speed of the train. By supposing this 
speed to be uniform, we shall know the hour at which tho 
train will have arrived at Marseilles, which will give us know- 
ledge of the time consumed in the sorting and distribution of 
the letters. 

Helmholtz, in experimenting upon the nerecous motive 
agent, first excited the nerve at a point very distant from the 
muscle, ^d noted the time which elapsed between the excite^ 
ment which despatched the message carried by tho nerve, and 
the appearance of motion in the muscle. Then acting on a 
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point of the nerve very near to the muscle, ho ascertained 
that tinder these new conditions the motion followed the ex- 
citement more closely. The difference of time which ho 
ohseived in these two consecutive experiments measured the 
duration of the transference of the nervous agent along the 
known length of the nerve, and consequently expressed its 
speed, which varied from 15 to 30 metres per second. It 
is feebler in the frog than in warm-blooded animals. 



Pio. of tlic Apt'Ctl »*f tho norvoiw nKont !ti Jimn. 1. 

liroduccd whoti tliiO norvo han ex<*itod wry doau tp tho iiitiM'Ic. 
a Shock produced by tha cxoitumcnt i»f the non*© nt a further <Untaiici3 
dr 90 contunotrofi, X), Vibmilnn of u rlirotui^npliir ttiitiiiK»fork vibratiniT 
250 ttmo*) in a nccond, Aorvnig to nwmurts the time corriKiMmdii with 
the interval of the nboeks. 


Now, it results from the oxporiTnents of Holmholiz, that oil 
the timo which elapses betweem tho exfitom<*nfc and the motion 
is not occupied by the transfcrcnco of tho nervous agent ; but 
that the muscle, when it has received tho order carried by the 
nerve, remains an instant before acting. This is what Holm** 
holtz calls lest time. This timo would correspond, in the 
comparison which we have omi>loyod above, with tlm dtmitiori 
of the^preparatoiy labour between the arrival of tho letters 
and their distribution. 

Physiologists have repeated tho experiment of Ilelniholtas 
with some improvemonts. In fig. 10 tracings may bo Hcen 
which we have ourselves obtained while nicttsuring tho spenl 
of tho nervous agent. 

Two muficular shocks are aureesBivoly registered uj>oii tho 
same cylinder, cate being taken that tho iwoto shnll bo oxcited 
in the two experiments, at different points, l»ul at tho samo 
instant with regard to the rotation of tho cylinder; fi>r 
example, at the precise moment at which tho point of tho 
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myograph passes over the vertical which, corresponds with the 
origin of Ae lines 1 and 2. 

In the experiment which regulated the shock of line 1, the 
nerve was excited very near the muscle. In that which was 
traced by the shock of line 2, the nerve was excited 30 centi- 
metres farther off. AlS the cylinder turns with a uniform 
motion we can estimate the time corresponding with the 
distance which separates the two shocks. To facilitate the 
measurement of this interval, the vertical lines indicate the 
starting points of these shocks; in fig. 10 the interval which 
separates them corresponds with a hundredth of a second, 
during which the nervous agent has passed over 30 centi- 
metres of nerve, which corresponds with a speed of 30 metres 
per second. In order to measure this time with very great 
exactitude, we use a method invented by Duhamel. It con- 
sists in making the cylinder trace the vibrations of a chrono- 
graphic tuning-fork provided for this purpose with a very 
fine style, which scratches on the sensitive paper. We have 
recourse to this method in all our experiments. 

Let us return to fig. 10. If the interval which divides the 
starting points of the two shocks corresponds with the time 
which the nervous agent has taken to pass along 30 centi- 
metres of nerves, there is a much more considerable timoy' 
which, for each of the lines 1 and 2, is measured between the*" 
signal of the excitement marked by the first of the three 
vertical lines and the first shook. This is the lo$t time of 
Helmholtz; it represents more than a hundredth of a second 
in this experiment. 

The greater number of authors think that the speed of the 
nervous agent varies under certain infiuences; that heat 
augments wlule cold and fatigue diminish it. 

It seems to us, on the contrary, that this variability of 
duration belongs almost exclusivdy to tlxose still unknown 
phenomena which are produced in the muscle during the 
lost time of Helmholtz. 

Just as the employes of the post, fatigued or chilled by cold, 
cause delay in Ihe distribution of despatches, without there 
having been any change in the speed of the train which has 
brought them, so the musde, according to whether it is rested 
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or fatigued, heated or chilled, executes more or less rapidly 
the movement dictated hy the nerve. 

Besides this, all the influences which cause variation in the 
moment at which the shock of the muscle appears, cause 
variation of speed in the propagation of the wave in its 
interior ; which proves that the conditions which accelerate 
or retard chemical actions, the first causes of all these phe- 
nomena, are solely concerned. 

Of the contraction of the muscle. Hitherto, we have applied 
to the nerve only one single excitation, to which one single 
motion responded, the muscidar shock. Notwithstanding its 
brevity, this shock has an appreciable duration ; in man it takes 
8 or 10 hundredths of a second for the mus(‘le to accomplish 
its contraction ; then a longer time for it to resume its normal 
length ; after which, if it receives a now order from a nerve, 
it gives a fresh shock. But if the excitations of the nerve 
succeed each other at such short intervals that tlio muscle has 
not time to accomplish the first shock before it receives a 
second, a special phenomenon is produced ; those movements 
are confounded and absorbed into a state of pormanonfc con- 
traction, which lasts as long as the excitations go on suc- 
ceeding eaclx other at short intervals. 

Tlius the shock is only the elementary act in the function of 
tho muscle ; it plays therein, after a fashion, the same part os 
a sonorous vibration plays in tlxo complex phenomenon w'hich 
constitutes sound. When tho will ordains a muscular con- 
traction, tlio norvo excites in the muscle a series of shocks 
which follow one another so closely tliat tho first has not titno 
to end before a second begins, so that theso elementary 
movements combine together and coalesce to produce the 
contraction. 

Volta pointed out, in a letter to Aldini, this singular fact, 
that a frog which receives a series of excitations, }»y tlio reite- 
rated contacts of two heterogeneous metals api»licd to his 
nerve, does not react at each of these coiitnets, Init undergoes 
a 'sort of permanent contraction. Ed. Weber show’s that tho 
action of successive induced currents is of tho same kind, 
and ho has given tho name of tetanus to the state of tho 
muscle thus excited, Helmholtz perceived that tho muscle 
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Tibrates in depths of its tissue under these conditions of 
contraction, because the ear applied to ^ muscle hears a 
sound whose acuteness is exactly determined by the number 
of the eleoisrio excitations sent to the musde in a second. 

By means of a very sensitive myograph, we have been able 
to render visible the vibrations of the muscles imder the in- 
fluence of tetanus-producing shocks. 

Fig. 11 shows how this fusion of shocks is manifested 
by a contraction of the muscle, permanent in appearance, but 
in which the tracing reveals vestiges of vibrations. Vibrations 
may be found in the tetanus which strychnine produces in the 
musdes of an animal, as well as in that which is caused by 
the irritation of a nerve by heat and chemical agents. 



11. Qxaduol coaleaconco of Iho shocks produced by oloctric excittitiojis of 

inczejsiog froqucuoy. 


In short, these voluntary contractions seem to he only a 
series of shocks, combining together by the rapidity of their 
suocessiorL. 

Ct has long been known that by applying the ear to a 
muscle in. a state of voluntary contraction, we can hear a 
grave sound, wljLOse tone several authors have sought to 
determine. Wollaston, Haughton, and Dr. CoUonguo arc 
almost agreed upon this tone, which would corrospond to u 
frequency of 32 or 35 vibrations per second. HelmholtK 
t hiTik a that this tone of 32 vibrations per second is the nonual 
sound given out by tlie musde in contraction, and according 
to his experiments in electric tetanization, he regards this 
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number as tlie minimum necessary to produce the state of 
apparent immobility of the electrically ietanized muscle. 

If voluntary contraction, studied with the aid of the myo- 
graph, furnishes no trace of vibrations, we must not be sur- 
prised, since the essential character of that act consists in the 
coalescence of shocks. But the esistenoe of the sound which 
accompanies the contraction of the muscle sufOlciently proves 
the complexity of this phenomenon. Let us add another proof 
in favour of this theory. "When a muscle receives excitations 
of equal intensify, the contraction which results &om them is 
all the stronger in proportion to their frequency. Now, in 
contracting th^e muscles of the jaws with more or less force, 
we have been able to convince ourselves that the acuteness of 
the muscular sound increased with the energy of the effort. 
We may thus obtain variations of a Jifth in the tone of the 
muscular sound. 

We shuH also see hereafter how the electric state of the 
muscles in contraction proves still more*the complexity of this 
phenomenon. 

The conclusion at M'‘hich we have arrived is, that during 
voluntary contraction, iho motor nerves are the seat of suc- 
cessive acts, each of which prudiiccs an excitation of tho 
musclo. Tlio latter, in its turn, causes a series of acts, each 
of which gives birlli to a muscular wave producing a shock. 
It is in the elasticity of tho muscle that wo must s^ for the 
cause of the coalescence of these multiplied shocks ,* they are 
extinguished just os the jorks of the piston of a fire-engine 
disappear in tho elasticity of its reservoir of air. 

Of work dome hj the mmcles. After having seen how 
meohonical force is produced, let us try to measure it — ^that 
is to say, to oompuro it with the kilogrammetre, the unit of 
measure of work. If we suspend a weight to the tendon 
of a musdo which we cause to contract, we easily obtain the 
measure of work by multii>lying this weight by the height to 
which the muscle raises it. 

In animated motors, the measure of work is less easy to 
obtain. Somotimos, indeed, the strength of an animdl is 
utilized in tlio lifting of a weight, but tho greater part of the 
acts in which tlio strength of animals is cmidoyod can only 
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be estimated by enlarging Hie definition of mechanical wori. 
Thus, a horse which tows a boat, a man who planes a board, 
a bird which strikes the air with its wing, does mechanical 
work, and yet they do not lift weights- In order to reduce 
cases of this kind to a general definition, we must admit as 
the expression of work, the effort mnltiplied hy the space traversed. 
This effort, besides, may always be compared with the weight, 
the lifting of which would necessitate an equal effort, so that 
wo say of a traction or an impulse, that it corresponds with 
10 or 20 kilogrammes. When a workman planes or turns a 
piece of metal, if the tool which he drives into it penetrates 
only on condition of receiving an impulse of one kilogramme, 
the w’orkman, in order to have effected a kilogrammetre of 
work, ought to have detached from the mass a shaving of a 
metro in length. A horse which tows a boat with 20 kilo- 
gramme force, will have employed a force of 20,000 kilo- 
grammetres when he has gone 1,000 metres. 

But stiU that is not*yet sufficient to be applied to all the 
forms of mechanical labour. If, for example, force be em- 
ployed to displaco a mass, the effort necosaaiy for the move- 
ment will vaiy with the speed which is given to that mass. 
Let us imngino a block of stone suspended freely at the end 
of a very long rope ; the lightest pressure applied to this 
block for a few instants will produce movement in it, while 
the strongest blow of the fist will scarcely cause any se'hsible 
displacement, because tho force requisite to displace masses 
icreoses according to the square of the speed which is com- 
lunicatod to them.'^ 

A force of very short duration applied to a mass, produces 
only a shock incapablo of displacing it. But this same shock, 
if it bo oxertod by means of an dastio medium, is transformed 
into an act of longer duration, and without having added 
anything to tho quantify of motion, becomes capable of pro- 
ducing work. 

TJiis olasticify intervenes in the animal economy to permit 
tho utili;!ation of tho very brief act which constitutes the 
formation of tlio musculur w^avo. The formation of tho wave, 

* Tliis action is expressed by 
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^hich lasts only for some liundredtlis of a second, represents 
the time of application of each element of the force of the 
muscle. At each new wave, there would he produced a true 
^hoch if the elasticity of the fibre did not extinguish this 
abruptness, and transform these jerky little contractions into a 
gradual increase of tension which constitutes the prolonged 
effort of the muscle. 

A motor only works on the double condition of devdoping 
an effort,^ nd accomplishing a motion. Thus a muscle which 
contracts,* srforms no external work, except while it is con- 
tracting; i soon as it has reached the limit of its contraction, 
it ceases 0 work, whatever may be the effort which it 
develops. When we sustain a weight after having lifted it, 
the act of sustainment docs not constitute work. 

But, in these conditions, to maintain the elastic force of the 
muscle, the same acts are produced in its interior as during 
the work; the muscular waves succeed each other at short 
intervals, and heat is disengaged by chemical action. Now, 
this heat, which cannot transform itself into action, ought 
to remain in tho muscle, and heat it strongly. This is pre- 
cisely what we observe, so that in the malady called tetanus, 
whi<^ consists of a permanent tension of ilie muscles, it 
is ascertained that heat is produced with an exaggerated 
intensity, the temperature of the entire body rising several 
degrees* 


CIIAPTEE VL 

OF ELEOTHICITY IN ANIMALS. 

Electricity is protiuced in almost all or^aniKcd tissues— Elcctiic cuircnts 
of the n»iai‘U*s aud the iiorvos— ‘Bischargos of electric iislics ; old 
theories ; (hmonstmtiem of tlu) electric nature of this phenomenon— 
Analogies between tlio discluirgo of olecirical apparatus and tho shock 
of a xnusclo— Electric totaniw — llaphiity of the nervous agent in the 
electrical ner\*es of the torpedo ; duration of its dibclmrge. 

Most of the animal or vcgotablo tissues are tho seat of 
chemical actioiifl, whence result an incessant disengagement 
of dectriciiy. In this way, tho nerves and muscles of an 

B 
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animal fumisli manifestations of djmamio eleciricify. Mat- 
tencd has discovered the manner in which the muscular 
current is usually produced. Du Bois Beymond has added 
much to our knowledge of this current, of its intensity, and 
of its direction in every part of a muscle. Treatises on i>hy- 
siology give copious details of experiments relative to nervous 
and muscular electric currents. This study has been the 
more eagerly pursued because the proximate cause of the 
function of the nerves and muscles was expected to be found 
in these electric phenomena. 

The most interesting fact connected with muscular elec- 
tricity, with respect to the transformation of force, appears to 
be the disappearance of the electrical state of a muscle at tho 
moment when it contracts, or when it is tetankod. It appears 
then that the chemical actions of whicli the muscles are the 
seat, are entirely employed in the production of heat and 
motion. 

To observe these phenomena, we must make use of a very 
sensitive galvanometer. Suppose a muscle connected with one 
of these instruments; it gives ‘its currents, and deflects tho 
magnetic needle a certain number of degrees. When this de- 
viation has been ejected, and the needle has become stationary 
in its new position, it is only necessary to produce tetanus in 
the musde, and immediately the needle retrogrades towards 
zero. This is what Du Bois Eeymondl calls the negatm rariu* 
Hon of the muscular current. The same phenomenon is 
observed in the voluntary contraction of the muscles. 

The interpretation of the negative variation is very im- 
portant. Du Bois Reymond having remarked, that for a 
single muscular shook no deflection of the needle towards zero is 
obtained, concluded that this is on account of tho short dura^ 
tion of the electrical disturbance accompanying a shock. In 
tetamm, on the contrary, a series of modifications in tho 
electrical condition of the muscle correspond to the series of 
shocks produced — ^their accumulated influence dofloc'ts tlie 
magnetic needle. 

This phenomenon is familiar to physicists* It is known 
that the needle of a galvanometer subjected to a frequently- 
mternipted current, takes a fixed position intermediate be- 
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tween zero and the extreme point which it woidd have occupied 
if the current had been continuous. 

In the muscles in which the shock is protracted, as in 
the tortoise, a very prolonged change in the electrical state is 
produced; and therefore these muscles can by each of their 
shocks cause a deflection of the magnetic needle. It is the 
same with the movements of the heart ; each of these appears 
to be only a shoch of the cardiac muscle, and yet it deflects the 
magnetic needle in the same manner as tetanus of an ordinary 
muscle. This fact, that a negative variation is equally seen 
in a muscle which is contracted involuntarily, is of the greatest 
importance. It confirms tho theory which assimilates con- 
traction with tetanus, that is to say, with a discontinuous or 
vibratory action. 

One point which has been long under discussion relative 
to the manifestations of muscular electricity, is wliether the 
negative variation is caused by a change of direction in the 
muscular current, or by a transitory suppression of this 
current. The latter hypotliesis has been rendered extremely 
probable by tho numerous experiments in which the needle 
of the galvanometer has never boon ween to retrograde beyond 
the zero point. Thus tho phenomenon of negative variation 
seems to prove the principle which wo laid down at the com- 
mencomeiit of this article, that force is manifested in the 
muscles in a different manner during activity and repose, and 
that the manifestation under tho form of mechanical work is 
substituted for that under tho form of olectrioify. 

JSkcirwyis/ifis.’^Animal electricity appears in a much more 
striking form in tho discharges product by certain fishes. 
In this caso tho special organs have for their object tho pro* 
duction of electricity; nevertheless, by their structure, their 
chemical composition, and their dependence on tho z^orvous 
itystem, these organs remind us of the conditions of tlio mus<^ 
<^ar apparatus. 

number of species provided with electrical organs 
which was formerly restricted to five,* has been remarkably 

* Tho fivo flpocics formerly known were tho haya torjwdo, tho Oym- 
notus olcctricuH, tho Silurus electricufli, tho Tetruodon electricua, and tho 
Trichiunis eleotricua 
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increased since Ch. Bobin has shown that all the species of 
the genus ray have electrical apparatus and functions in a 
more or less rudimentary condition. Besides^ the analysis 
of this singular act, whi6h is called the electric discharge^ 
been better studied, as physicists^ have themselves learned the 
different properties of the electric agent. 

In the 1 8th century, they said, when speaking of the torpedo, 
that '' this fish when it is touched throws out a k^nd of 
venom which paralyses and benumbs the hand of the fisher- 
man.” Musc^enbroeck, in the last century, ascertained the 
electrical nature of the torpedo’s discharge. Walsh, in 1778, 
saw plainly that the numbness produced by this animal differs 
in no respect from that which is caused by the discharge of an 
electrioal machine. He proved by a great number of experi- 
ments, that the effect produced by this fish is manifestly 
electrical. He subjected the discharge to a series of trials, 
in which it had &e same effect as the electricity deve- 
loped by machine. For instance, he showed that the animal 
might be touched with impunity, by taking as a medium of 
oommunication non-conductors of electricity. Bemdes, he made 
the discharge pass through a chain of individuals holding each 
other by the hand, and ^ felt the same singular effect which 
is produced by the Leydea jar. 

At a later period Davy obtained with the current of the 
torpedo the defiection of the galvanometer, the magnetization 
of steel needles placed within a spiral of brass wire traversed 
by the discharge, and the decomposition of saline solutions. 

Becg^uerel and Breschet verified the same facts in the wire 
of the galvanometer, the current circulating from the back to 
the belly of the animal. 

The demonstration of the spark come still later. Father 
Linad and Matteucci obtained this spark by breaking in 
various ways a metallic circuit through wliich the current of 
the torpedo was passing. The most ingenious process is that 
of Matteucci, who made use of a file in the following manner : 
A metallic plate attached to a brass wire is fixed under the 
belly of the torpedo j on its back is placed a filo on which the 
end of a metalho wire rubs. The animal is then irritated, 
and one or even several sparks ore seen in the dork to pass 
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between the wire and the file. The production of the spark 
is probably effected when the circuit is broken at the precise 
moment of the passage of the torpedo’s current. 

The use of the file is clearly seen, since the friction 
causing the circuit to be closed and broken at veiy short 
intervals, some of them will necessarily coincide with the dis- 
charge, as it has but a short duration. Let us observe, in 
passing, that the production of two sparks during the discharge 
of the torpedo, shows -very clearly that it has an appreciable 
duration, measured at least by the time which has elapsed 
during fhe passage of the wire across two successive teeth of 
the file. 

A. Moreau succeeded in collecting this electricity on a con- 
denser which allowed liim to measure the variation of the 
intensity of the discharge by the indications of a gold leaf 
electroscope. We have seen how our acg^uaintanoe with the 
electrical phenomena of the torpedo has passed tlirough many 
successive stages, and how the progress of physical inquiry 
has, on this subject, invaded the domains of physiology. 

Nevertlielesa, the discliorge of the torpedo, as the above- 
mentioned experiments have shown, seems like a kind of 
hybrid phenomenon, in which the effects of tension madiines 
appear to be confounded with those of a galvanic battery. 
We must, by new researcheH, endeavour to assign the place 
in the series of well-known inauifoshitions of electricity, which 
tho discharge of oloctrie fishes ought to occupy. 

Considered in a physiological point of view, this pheno- 
menon possesses anotlicr kind of interesi The most recent 
discoveries tend to assimilate the fiinction of tliis electrical 
apparatus with that of a muscle. If, for example, wo com- 
pare tho action of the nervous system on tho electrical organs 
of certain fishes, with that which the nerve exercises over the 
muado, wo are struck witli the following analogies : — 

The electrical discharges, like muscular shocks, can be 
produced xindor tlie influence of the will of tlie animal ; they 
may also bo considered as reflex phenomena ; excitation of 
the electric nerve produces the dmharge^ as that of tho motor 
nerve producoa, tho nhoeh of a muscle ; an entire parolyBis of 
ihe eloctricul apparatus takes place when the nervo is cut, os 
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in a muscle when its nerve is divided. This paralysis takes 
place also under tiie influence of curare, although this poison 
appears to act more slowly on the electrio nerves than on. the 
greater part of the nerves of motion. Indeed, the electric 
tetanuB, to employ the happy expression of A. Moreau, is 
manifested, not only when the nerve of the torpedo is sub- 
jected to excitations very rapidly succeeding each other, but 
also when the animal is poisoned with strychnine or any 
other tetaphsing substance. 

It was natural enough to compare the different ceQs or 
lamime of the electrical apparatus in Ashes, with the elements 
of the voltaic pile, and following up this idea, to inquire what 
was the electro-motive power of each of these little elements, 
and what were the effects of tension resulting from the 
association of these pairs. The following is the result of the 
experiments of Matteucoi. 

A portion of the electrical apparatus of the torpedo, placed 
en rappprt with the extremities of a galvanometer, gives 
birth to a current of the same order as that in the apparatus 
of which it formed a part. The longer the prism thus 
detached, the more numerous must be tixo elements of this 
kind of animal pile, and the greater the deflection of the gal- 
vanometer at the moment of its discharge ; this is produced 
by exciting the nervous fibre which con*espoads with the 
small portion of the electrical apparatus of the torpedo placed 
on the pads of the galvanometer. Thus far, the analogy of 
the electric apparatus with the pile is perfsct, since the ^ects 
of tension inci’ease with the number of elements which ore 
employed. This anedogy holds good with all the electrical 
Ashes, when we endeavour to compare the intensity of the 
currents obtained in different parts of the ax>paratas. 

In the ioipedo it is found that the disoh^ges are at their 
maximum when we touch the two surfaces of its apparatus on 
the inner side, that is to say, at tho tlxickest part, which con- 
tains the greatest number of discs superposed on each other. 
In the gymnotus, whose electrical prisms have so great a 
length, it is found that the discharge is stronger still, on 
account of the greater volume and number of the elements. 
It is proportional to the extent of space contained between the 
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two points which receive this impulse. In the silurus it is 
the same j a much greater imi)ression is made on us when 
we touch different points of the animal at a greater distance 
from each other. 

In fact, we may receive a discharge from a single surface 
of the electric apparatus of the torpedo, by touching unsym- 
metrical pai’ts, that is to say, points where the number of 
the elements of the pile is not so great, because of the 
different length of the prisms which compose it- Thus, 
although the polarity may be identical on the same surface of 
the apparatus, the fact of the inequality of electric tension 
on the different points of this sui‘face suffices to create the 
possibility of a current, and to determine its direction. 

As to the origin of the electric force, we think that no one 
can now see anytliing in it but the result of chemical actions 
produced in the interior of the apparatus 

But before they arrived at this opinion, physiologists ad- 
vanced many hypotheses as the source of animal electricity. 
Thus, when Du Bois Roymond had shown that the nervous 
tissue possesses an electro-motive force sufRciently powerful, 
and that there exists iu living nerves a current in a constant 
<lirection, it was thought that the voluminous nerves which 
belong to the electrical apparatus of fishes carry oleotriciiy 
to it, as the blood-vessels supply blood to the organs. Mat- 
tfjucci has domoiistrated that a large lobe of the brain of the 
torpedo is tlie origin of the nerves belonging to its electrical 
4tpparatus. He has observed that it is possible to removo all 
tlie rest of tho brain, without depriving the animal of the 
power of giving voluntary or reflex discharges ; but that it 
<iau no longer do so when this lobe is destro}”^. He has for 
this reason named this tho oleotric lobe of the torpedo. 

When a dying animal no longer gave spontaneous dis- 
charges, it was sufficient, said Mattoucci, to touch the electric 
lobe in order to obtain discharges more violent than those 
which the animal gave voluntarily during the state of perfect 
activity. 

Nevertheless, the notion of Mattoucci has been exaggerated, 
when this thought %vas attributed to liim, that electricity is 
formed in the brain of the torpedo, and is conveyed by its 
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nerves. It is as mncii as to say that the motive force is created 
in the brain and conveyed to the muscles by the^ nerves of 
motion. The electricity of the torpedo has its origin in the 
special organ of this feh — as mechanical work is originated 
in a mus5e. When we see the phenomena of electricity 
or of motion produced, the motive or electric nerves ful^ 
only the duty of transmitting the order received from the 
brain ; but the electricity which circulates in the nerves is 
not that which is manifested so energetically in the discharge 
of the apparatus. It is, says Matteucci himself, as if we 
were to confound the effect of the gunpowder with that of 
the priming which has been used in order to fire the charge. 

Thus, the most probable theory is that which assimilates 
the Electric nerves to those of motion, the discharge to a 
muscular shock, the series of discharges, to tetanus. 

In order to verify this theory, we have endeavoured to 
ascertain^ whether the nerves of the torpedo carry out the 
commands of the will with the same rapidity as the nerves of 
motion; if, when the electric apparatus has received the order 
transmitted by the nerve, it hesitates, like the muscle, an 
instant before it re-acts {lost tme ) , in fact, whether the dis« 
charge of the torpedo, contrary to those given by tension 
machines, possesses a certain dxiration which may be compared 
to that of the shock of a musde. 

It has been seen, that heat, cold, the ligature of the arteries, 
and the action of certain poisons modify considerably the form 
and duration of the muscular shock. If experiment showed 
that as to its retardation, its duration, and its other phases, 
the torpedo’s discharge corresponds witti the shock of a musclo; 
if it is proved, that in both cases, the same agents produce the 
same effects, we should be right in assimilating ‘still more 
completely the electnoal phenomena with those of motion ; the 
physiology of the former would illustrate, in many points, 
that of the latter. 

During a stay of a few weeks at Naples wo have been 
able to ^etch out this mode of inquiry, whidx has furnished 

* See, for the details of these experiments, “Journal doranatomic et 
de la physiologio.” 1872. 
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results as yet incomplete, but wbicli tend to assimilate the 
electrical with the muscular action. These results are as 
follow : — 

1. The rapidity of the nervous agent in the electrical nerves 
of the torpedo seems evidently to be the same as that of the 
nervous agent producing motion in the frog. 

2. The phenomenon called by Helmholtz lost time exists 
also in the electric apparatus of the torpedo, and lasts about 
the same time as in the muscle. 

3. The discharge of the torpedo is not instantaneous, like 
that of certain kind of tension electrical apparatus, but it 
is prolonged about fourteen hundredths of a second ; which is, 
in a remarkable degree equal to the duration of a shock in a 
frog’s muscle. 

We cannot enter here into the details of the experiments 
which have furnished these results, hut we will endeavour, in 
a few lines, to explain the method which we employed, 

Kegistering apparatus measure the slightest intervals of 
time ; this we have seen in speaking of the estimated rapidity 
of the nervous agent. But, in order to employ the graphic 
method, we must have motion to give the required signal. 

ThuSj in the experiment of Helmholtz, the muscular shock 
itself announced that the order of movement which the nerve 
had to convoy had arrived at its destination. 

In order to obtain the signal of the electric discharge, we 
have employed it to excite the muscle of a frog, the shock of 
which w'as inscribed on tho registering cylinder. 

The trace furnished hyihBfrog-tignal is somewhat delayed, 
it is true, after the excitation has been produced; but this 
delay is a known quantity, and it can easily be taken into 
account. 

Tho following is the method adopted to measure with the 
ordinary myograph the duration of the difibrent acts which 
precede the discharge of tho torpedo. 

In a preliminary experiment (fig. 12) the nerve of the jExog 
was directly excited, and a note was talcen of the time {e g) 
which elapsed between the instant {e) of the excitation, and 
tho signal {g) given by the frog. 

In a second experiment the torpedo was excited, still at the 



58 


ANIMAL MECHANISM. 


instant («), and the electricity of its discharges ■was collected 
hy means of conducting ■wires ■which sent it to the nerve of 
frog dgnd. This would give its shock at the point (t). 



Pio. 13 —Measure of the time which elapses between the excitation of 
the electric neive, and the discnorge of the toipedo. 


Tlie difference {g t) would express the time consumed by 
the torpedo between the excitation of its nerve and the dis- 
charge. By varying the experiment, as we have done for the 
motive nerves (page 43), we obtain the measure of the 
rapidity of the electric nervous agent, and that of the lost tme 
in the torpedo apparatus.* 

Finally, in order to measure the duration of the ^eotrioal 
action, we had recourse to a method which consists in col- 
lecting this discharge during a very short time (1-1 00th of a 
second) to send it to the/ro^ tignalf and varying gradually the 
instant at which the electricity of the torpedo was collected. 
It was thus ascertained that starting from the point (j) on© 
might, during 14-lOOths of a second, obtain a series of signals 
from the frog— f', if", t"", but that beyond that time the 

frog gave no signals, thus proving that the discharge had 
terminated. 

We have not been able to follow out faxther^the compari- 
son of the electric with the muscular action ; but, according 
to the results already furnished by experiment, we can foresee 

* Deprived of appropriate apparatus, we have been obliged to construct 

for ourselves a kind of registering instrument which should measure short 
intervals of time with suflBicient precision. We refer tlio reader, for the 
real arrangement of the experiments, to tlie ** Journal do ranatomio ct de 
la physiologic,” loc. cit. Fig. 12 represents tracings wliich on© would 
obtain with the registering instruments already known. 
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that new analogies will still show themselves between these 
two manifestations of force in living beings, mechanical work 
and electricity. 


CHAPTER YII. 

ANIMAL MECHANISM. 

Of the foinis under which incchaiiiual woik i>re«,euts itself — Emy 
machiuG must he constnictud with a view to the kind of work which 
it has to iierfoini — CoiTcspondcnce of the form of muscle w ith the work 
which it accomplxshos— Theory of Borclli — S^MiCifio foicc of muscles 
— Of machines; they only chango the form of work, but do not 
increase its quality— Necessity of alternate movements iu living 
motive powers— Dynamical energy of animated motors. 

• 

If we have lingered long over the origin of heat, of 
mechanical work, and of electiicity in the animal kingdom, 
it was in order to establish clearly that these forces are the 
same as those which are seen in the inorganic world. Certain 
evident diiferouces must have struck the earlier observers, but 
the progress of science has shown, more and more clearly, 
this identity, which is now disbelieved only by those whose 
minds are still imder the influence of obsolete theories. 

Mechanical force, to which our attention must now be 
exclusively directed, has hitlicrto been ^studied only in its 
origin; wo must follow it through all its applications to 
work of different kinds which it executes in animal me- 
chanism. 

In all the machines employed in the arts we must have 
orgam which serve as m^ia between the forces which we 
omploy and the resistance which are required to be overcome. 
This word orgmv is x^tecisely that which anatomists use to 
designate the portions which compose the animal machine. 
The laws of mechanics are applicable as well to animated 
motors as to other machines ; this truth, however, has to be 
demonstrated, but, like many others, it was for a long time 
unrecognized. 
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Of the forms of mechanical work , — When 'vre have at onr 
disposal a certain quantity of force, it is necessary, in order to 
utilize it, to collect it under conditions which vary according 
to the nature of the effects which we desire to produce. 

We have seen that the measure of work actually employed 
is the product of the resistance multiplied hy the space 
through which it has to pass. Such a measure, being the 
product of two factors, may remain constant if the two factors 
vary inversely. So that a considerable weight, raised to a 
slight height, will give the same result of work as a light 
weight raised to a greater height. 

These will be two different forms of the same quantity of 
work ; but, in this case, the form is of extreme importance. 
In order that the mrk applied should be available, it is ne- 
cessary that its form should be the same as that of the 
resisting force — ^that is, of the work required to he done. 

If we have as a moving power a piston of a steam engine 
of large diameter and short length, capable of lifting 100 
kilogrammes to the height of a centimetre, and that it is 
necessary with this generator of force to lift one kilogramme 
to the height of a metre, which equally represents a kilo- 
grammetre of work, the motive force in this machine cannot 
be utilized directly ,* fur at the end of the stroke of the piston 
the weight of a kilogramme will only have been lifted 
one centimetre, and of the force at our disposal will re- 
main unemployed. Every machine, therefore, must be con- 
structed with a view to the special form under which the 
resistance to be overcome presents itself. 

It is true that by means of certain contrivances, levers or 
wheel-work properly combined, it is possible to cause a cer- 
tain quantity of work to pass from one form to another, and 
to apply it to the resistance to be overcome. But this will 
be the object of ulterior study. We have only to consider at 
this moment the case in which the force is directly applied 
to the obstacle which it has to surmount, which is a very 
jfrequent condition in animated motive powers. 

Let us return, then, to the hypothesis in wliich the moving 
force of the piston of an engine must be applied directly to 
overcome resistance. Under these conditions the constructor 
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will be careful to give to the surface of the piston such an 
area, that the pressure on this surface may be precisely equal 
to the resistance which it has to overcome ; then he will give 
to the cylinder such a length that it will allow the piston to 
travel just as far as the resistance ought to move. It is only 
under these conditions that the machine wiU do the desired 
work, and utilize all its moving power. On the contrary, 
in the case in which work answering to a kilogrammetre 
must be done by lifting 100 kilogrammes to the height of a 
centimetre, the cylinder must be made so large that the pres- 
sure of steam on the surface of the piston will develop an 
effort of 100 kilogrammes, and such a length only must he 
given to the cylinder, that the movement of the piston may 
be merely a centimetre. 

One cannot substitute one of those forms of cylinder for 
the other, for in one case the force would bo msufEcient, and 
in the other, the range would be too restricted. 

The only thing which is equal in both is the amount of 
work that the two machines can do, that is to say, tho pro- 
duct of the force employed multiplied hy tho space passed 
through ,* tliis is again tho product of tho surface of a section 
of tho cylinder multiplied by its length, or, in other terms, 
it is the volume of steam contained in each machine, tliis 
vapour being supposed to bo at an equal tension. 

This proportion of the volume of the matter which works 
to tho work performed, is found in every case in which a 
moving force is omployod. 

Two masses of lead falling from the same height will do 
work proportionate to tlieir volume, or, whicdi is the same 
thing, to their weight. Two threads of india-rubber of the 
same length, both of which have boon stretched to tho same 
degree, wiE do work proportionate to tlioir transverse sec- 
tions, and, consequently, to their respective weights. Lastly, 
two threiuls of tho same diameter, but of unequal lengths, 
after having been subjected to tho same elongation in pro- 
portion to ihoir original lengths, will, as they contract, do 
work proportionate to their respective lengtlis, that is to say^ 
to tJioir weight. 

This loads to the consideration of muscle, which conforms 
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rigorously to the general laws which we have just enunciated. 
The larger a muscle is, that is to say, the more e^ctensive is 
its section, the more susceptible it is of considerable effort. 
But, on the other hand, a muscle contracts only in proportion 
to its own length. We may estimate that the mean shortening 
of a muscle while contracting, when it is not detached firom 
the animal, is about a third of its length when in repose. It 
follows that the work done by a musole will be in proportion 
to its length and its transverse section; that is to say, to its 
volume or to its weight. 

Thus, it is possible to ascertain, according to the anatomi- 
cal characters of a muscle, what is the force which it pos- 
sesses, relativdy to that of other muscles of the same animal, 
and what is the form under which its work is done. 

The substance of Ihe muscles, that is to say, of red flesh, 
presents the same density in the different parts of the animal 
frame ; in consequence of which the weight is the most exact 
and the most expeditious method of estimating the relativo 
importance of two masses of muscle, and of predicting the 
quantity of work which they are able to execute. 

As to the form under which muscular work must be pro- 
duced, it is deduced not less easily from the form of the 
muscle. If it be thick and short, it should produce a strong 
effect multiplied by a short range; if it be long and slender 
it will have a more extended range, but will only develop 
feeble energy. 

There are many examples in proof of this law which 
regulates muscular action — ^the stemo-mastoidal, the sarto- 
rius, and the rectus abdominis, are muscles of a long range, 
or, as it may be otherwise expressed, having a great ex- 
tent of movement; they have a fleshy portion of greater 
length. The large pectoral muscle, the gluteus maximus, 
and the temporal muscle, are large and short muscles, tlmt 
is to say, capable of a considewible effort, but of slight 
contraction. 

Botelli already understood the laws of muscular force; 
without the intervention of the notion of work, which was not 
introduced into mechanics at the time when ho lived; ho 
made a very clear distinction between these two opposite 
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characteristics of the action of a muscle according to the 
impulse of its volume or its length. And as a theory is 
always required to satisfy the mind, this author sought to 
interpret these different effects by a theory of the structure of 
the muscles. 

Let us imagine, said he, a minute chain of 'metal formed 
of circular elastic rings, and that an extensile force should be 
exerted on this chain. Each ring will change its shape and 
assume an oval form, and the whole chain wull be lengthened 
in proportion to the number of its rings. When it recovers 
itself, under the influence of elasticity, the chain will grow 
shorter again in proportion to its length. The minute chain 
of Borelli is the primitive fibre revealed to us in the animal 
economy by the microscope. But, said Borelli, if we form a 
bundle of a great number of these chains, each one of them 
will resist the extensile force in proportion to the elasticity of 
its rings, that is to say, the thickness of the bundles, and the 
force with which the extended bundle will recover itself will 
be in the same ratio. 

We do not reason otherwise now tliat histology has shown 
us, in a muscle, a bundle of fibres whoso actions are com** 
bined like the chains suggested by the Naples professor. 

Passing to other considerations, this author studied the 
influence exerted by tho direction of the fibres on the force 
which they develop. He remarked that the muscles whose 
fibres converge obliquely on tho same tendon, like tho barbs 
of a feather on tho contral shaft, afford noitfaer a range nor 
an effort proportionate to thoir length and their sections. We 
have no modification to make of this estimate of tho composi- 
tion of forces in tho muscular organ. 

Ofths force of — In the machines constructed 

by man, it is not enough to measure the longitudinal and 
transverse dimensions of the cylinder, in order to know what 
quantity of work each stroke of the piston will develop ; we 
must also know under what pressure the steam acts, lliat 
is estimated by the number of atmospheres it can lift as it 
escapes. At other times the force of the steam is measured 
by the number of kilogrammes of pressure which it exerts on 
every square centimetre of tho surfetee of tho cylinder. In 
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evexy case it is an estimate of the i^ecifio force of a certain 
volume of steam which is to be determined. 

In the same manner, in hydraulio machines, we must know 
the charge of water or its pressure, in order to ascertain the 
work which the machine can perform. 

Physiologists have also sought to determine the specific 
force of muscular tissue in different animals, and to compare 
with the unit of transverse section of muscle the effort which 
it can make. In this manner they have estimated that the 
muscle of the firog would develop an effort of 692 grammes 
(E. Weber) for each square centimetre of section ; that human 
muscle would develop 1087 (Koster). In the bird the force 
would be about 1200 (Marey) ,* in the insect it would be still 
greater (Plateau). 

According to Straus Durkheim, a musde of the stag-beetle 
weighing 20 centigrammes would carry, if we measure the 
moment of power and that of resistance a weight of seven 
kilogrammes. 

By such estimates as these, we might compare animated 
moving powers with machines working under variable pres- 
sures. The frog, we might say, works with a pressure less 
than one atmosphere, man with a pressure greater than one 
atmosphere, ^ere would be a greater pressure in the bird, 
and greater in the insect. 

Of machines , — When mechanical force cannot be directly 
utilized, because it is not in harmony with the form of work 
which it ought to effect, various means axe employed in the 
arts to transform it. Machinery known under the names of 
wheels and levers are continually used for this purpose. In 
the animal organism contrivances axe also found which change 
the form of the work of the muscles. The lever is almost 
exblxisively used by natxire for this purpose. The arrange- 
ment of tho bony levers which form the skeleton is so generally 
known that it needs no explanation here ; but there is a very 
common error on this point, even among physiologists, which 
it is necessary to point out. 

Almost all the levers which axo found in the organism belong 
to the third order, tliut is to say, where the muscular force is 
applied between the fulcrum and the resistance. Under these 
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conditions, the effort that can be developed at the extremitj of 
the lever is less than that of the muscle ; but the space passed 
+hrough by tliis extremity of the lever is proportionately 
increased, so that the product of the force multiplied by the 
distance remains the same. 

Thus, we find in a great number of standard treatises, a 
sort of accusation brought against nature, for having entirely 
wasted a great part of the force of our muscles by causing 
them to act under a disadvantageous leverage. It is true, 
that to extenuate this fault, they are willing to grant that 
this arrangoment, imfavourable in an economical point of 
view, gives to otir n\us(defc an elegance which they would not 
have possessed, if for example, a long muscular band had 
extended from the sternum to the wrist. Tiicse mechanical 
andmsthotic notions ought to give place to more correct ideas. 
Wo must, above all, remember that a muscle produces work 
corresponding to its volmne or its weight, whatever may be 
the proportions of the lever to which it is attached. The 
effect of the latter is only to regulate the form under which it 
producos the work, without adding to it or. subtracting from 
it« An error of the same kind is often committed in con- 
sidering the part played by levers mode use of by man in his 
work. It often happens tlmt human force is unable to raise 
rertain weights ; we have recourse in those ensos to levers of 
the first or second or<lor, in whicJi we increase the power of 
the arm in the ratio of the longer to the shorter curm of the 
lever. 

In this manner we utilize a motive force which could not 
produtn) extennil work if wo endeavoured to bring it to bear 
directly on tho wisistance to l»o overcome. But a lever whicli 
iimpUfies tho forc‘e exiirled, diminislxos as much tho extent of 
tho work pwm1u<‘h 1 ; it adds nothing to the work executed by 
the motive power. 

Before tho notion of work had boon introduced into 
mwhanicB, and w hen it ^vas not clearly understood that it was 
inipossiblo to incretise by niwhanism tho amotmt of force ufc 
our disimsal, many false idims were entertained with regard 
to the part phiyod by machinery. When we consider lliose 
gigantic miissos of stono tho pyramids of Bg>*p*, or those 
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enonaoiis blocks, called dolmeits, which, our forefathers 
erected in prehistoric times, it was admitted that these 
Titanic works pre-supposed a very advanced knowledge of 
mechanism. Even now it would require an immense time, 
or an army of workmen, to execute similar works by employ- 
ing only the force of man and that of animals. 

We must not imagine that the old Gauls or ancient 
Egyptians were able to escape jfrom the inevitable necessity of 
employing many men or an enormous lapse of time in thef^o 
labours at the period when the only source of mechanical 
work was that derived from living beings. 

But we live under new and better conditions, thanks to 
the invention of machinery which develops mechanical work. 
In addition to the utilization of natural motive powers, sueli 
as water ‘courses and wind, man is now able to employ steam 
engines, by means of which a small quantify of fuel does th© 
work of a great many animals. It is by these means that 
Egypt has succeeded in a few years in cutting through the 
Isthmus of Suez, an enterprise which, four thousand years ago, 
would have absorbed the efforts of many generations. 

Necessity of alternate motion in living moUve When 

the piston of a machine has reached the end of its stroke, the 
steam which impelled it must escape, and the piston must 
return in the opposite direction to accomplish fresh work. 
In the same manner, the musde, after having oontractod, 
must be reteed in order to act a&esh. But meohanioians 
have found that in the alternate movements there is a loss of 
work. When a heavy object impelled forward with rapidity 
has to be brought back in the opposite direction, it is neces- 
sary first to destroy the work which it contains, so to speak 
under the form of active force. Precisely in the same manner 
when a limb suddenly extended is required to be rapidly bont! 
the momentum acquired must first be destroyed; to do whioht 
requires an expenditure of work. 

To guard against this loss of motive power, mechardoiona 
imve recourse, as much as possible, to the employment of 

cijcnil^ movements instead of motion to and fro. Thus, man 

who 18^ ofen inspired in his inventions by the arrange- 
ments of whxch nature offers him examples, deviates in thia 
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c£iso from Ms model ; lie endeavours to surpass it, and lie is 
riglit. To make this understood we cannot do better 
g^uote a passage in wMch L. Foucault compares the screw- 
propeller of ships to the organs of swimming in fishes ; — 

<< In our macMnes,’* said he,^ we have usually a great 
number of parts entirely distinct one from the other, wMch 
only touch each other at certain points ; in an animal, on the 
contrary, all the parts adhere together; there is a connection 
of tissue between any two given parts of the body. This is 
rendered necessary by the function of nutrition which is 
continually going on, a function to which every living being 
is subject during tho whole of its existence. We can, besides, 
understand tho absolute impossibility of obtaining a con- 
tinued movement of rotation of one part on another, while 
still preserving tho continuity of these two parts.” 

‘lluis, a profound difierenco separates mechanisms employed 
by nature from those invented by man ; tho former are sub- 
ject to special requirement from which the latter can be freed. 
Tho muscle can only act imdor tho condition of being attached 
by its vessels and nerves to tho rest of the organism. No 
portion of tho body, not oven tho bones themselves, which 
have tlio least vitality, can bo freo from this necessity. 

One might find, in tho animal organism, many other 
moclmuical appliances, the arrangement of which resembles 
that of machines invented by man, but with differences ever 
of tlio samo kind as Uioso which we have just desmbed. 

For instance, tho cintulationof tho blood is effected in living 
beings by a veritable hydraulic machine, with its pump, valves, 
pipes. But tho fundamental difference between this 
"implicated mechanism and machines constructed by man, 
arises from tlio al)simco of independent portions, and especially 
of the piston. Thojioart is a pump without a piston, and its 
variations of capaedty are obtained by tho contractility of 
tho coats of the vessels thomsolvos. With tho expoption of 
this difforenco, wo find i>orfect analogies between the circula- 
tory apparatus of animals and hydraulic motive powers. The 
function of tho valves is idoaticM in both in spite of apparent 
difforoncos* 


V S 


♦ « Journttl des mhoXn,** Oct. 22, 1845. 
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*We have formerly noticed in tlie circulation of the blood an 
influence ^hich regulates and increases the effective work of the 
cardiac pump ; it depends on the elasticity of the arteries.’*^ 
In like manner, in hydraulic machines, man has recourse to the 
employment of elastic reservoirs, to utilize more fully the work 
of pumps, and to render unifonn the movement of the liquid, 
Qotwithstanding the intermittent character of the motive 
power. This effect may be compared to that which we have 
before remarked in the elasticity of muscles. 

Dynamic energy of animated motore , — Animated motive 
powers and machines are subject to the same estimation of 
work ; it is the dynamic energy of. the former as compared 
with &e latter. 

The production of external work corresponding to 75 kilo- 
grammetres per second, has been called the 7tors6-jpotcar,f or, 
in more general terms, the motive power of one horse, it being 
supposed that one horse could develop the same amount of 
work. 

But animal motors cannot work incessantly, so that the 
horse-power would represent at the end of the day a much 
greater amount of work than the animal could have produced, 
had it been employed as a motive force. 

Man is estimated much lower as to bis dynamic energy, 
of a horse-power), and yet, if we only require from the 
muscular force of a man an effort of short duration, it will 
furnish dynamic energy exceeding that of a horse-power. In 
fact, the weight of a man is often more than 75 kilogrammes ; 
each time that the body is raised to the height of a metro 
per second, in mounting a staircase, the man has effectod 
during this second the work adequate to one horse-power. 
And if, during several instants, he can give to his ascent tlie 
speed of two metres per second, this man will have developed 
the work of two horse-power. 

Thus, in our estimate of the work done by the greatest or 
the smallest animals, we must consider it as a multiple or a 
fraction of the ordinary measure of horse-power. 

* ** Physiologic mcdioalo do la circulation du sang.” 

f Horseqwwer is reckoned in England at 32,000 foot-i)Ounda per 
minute. 
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CHAPTER VIIL 

IIAUMONT BETWEEN THE ORGAN AND THE FUNCTION.— 
DEVELOPMENT HYPOTHESIS. 

Each muscle of the body presents, in its form, a perfect harmony with the 
nature of the acts which it has to perform — A. similar muscle, in 
different species of animals, presents differences of form, if the 
function which it hits to fulfil in these different species is not the 
same— Variety of pectoral muscles in birds, according to their manner 
of flight— Variety of muscles of tho thigh in mammals, according to 
their mode of locomotion— Was this harmony pre-established ?— 
Developmout hypothesis— Lamarck and Darwin. 

The compoiisozi between ordinary machines and animated 
motive powers wiU not have been made in vain^ if it has 
shown ^at strict relations exist between the form of the 
organs and the characters of their functions ; that this cor-* 
respondence is regulated by the ordinary laws of mechanics, 
so that when we soe the muscular and bony structure of an 
animal, we may deduce from their form all the characters of 
the functions which they possess. 

It is known that tho transverse volume of a muscle corres* 
ponds with the energy of its action; that the athlete, for 
instance, is recognised by the remarkable relief in which eadx 
of his muscles stands out under the skin. But less is known 
concerning the pliysiologioul signification of the length of 
the muscles, that is to say, the less or greater length of 
their contractile fibres. And yet BorelU has already given 
the true explanation* In his opinion, as we have seen, this 
length of red fibre is proportioned to the extent of movement 
which the muscle is fitted to prodrioe. 

This distinction between the contractile or red fibre and 
the inert fibre of the tendon is of the utmost importance. 
Experiment has shown that the muscles when they contract 
are shortened to an extent which represents a constmt frac- 
tion of their length. We may, without erring from tho truth, 
estimate at of their length, the extent to which a muscle 
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can contract. But, -whatever may be the absolute value of 
this contraction, it is always in proportion to the length of 
red fibre ; that is the result of the nature of the phenomena 
which produce work in the muscle. 

Thus, every muscle whose two points of attachment are 
susceptible of being much displaced by the effect of contrac- 
tion, must necessarily be a long muscle. On the contrary’', 
every muscle which has to produce a movement of short 
extent must of necessity be a short muscle, whatever may be 
the distance which separates the two points of attachment. 
Thus, the fiexors of the fingers and toes axe short muscles ; 
but they are furnished with long tendons, which convey even 
to the phalanges of the fingers or toes the slight movement 
originated at a considerable distance at the fore-arm or tlieleg. 

It is eai^ to estimate, in the dead body, the extent of the 
displacement which a muscle can exercise on its two points of 
attachment. By producing the movements of flexion or 
extension in a Hmb, we can ascertain with sufficient exact- 
ness the extent hy whfch they separate or draw together the 
osseous attachments of its muscles. In a recent skeleton we 
can also judge with sufficient accuracy of the amount of these 
movements by the extent to whioh the articulated surfaces 
can glide over eadb. other. 

In examining the muscular frame of man we are struck 
with the extreme length of the sartorim muscle ; it is easy 
to he seen that no other can diqklace to such an extent its 
points of bony attachment. The stemo-mastoidal and the 
magnu9 rectus abdominis are, after this, the bngest muscles ; 
these also are muscles whioh have very extensive movements* 
We might thus cause all the muscles of the organism to pass 
under review, and in them all we should see that the length 
of the red fibres corresponds with the extent of the movement 
which this musde has to execute. But, in the study, we 
must he on our guard against a cause of error which would 
tend to*arrang6 certain short muscles among those which ore 
longer. 

Borelli himself has noticed this cause of error; he has 
shown how penni/orm muscles, that is to say, those whose 
fibres are inserted obliquely into the tendon, like the barbs of 
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a featiier into the common shaft, are short muscles which 
appear like longr ones. These considerations are indis- 
pensable when we wish to understand the action of the 
various muscles of the organism; it is only by this means 
that wo can estimate the real length of their contractile parts. 

Though the harmony between the form and the function of 
different mtisclcs is revealed overywhere in the anatomy of the 
human frame, this harmony becomes much more striking if 
wo compare with each other different species of .animals. 
Comparative anatomy shows us, in species closely allied to 
each other, a singular difference in the form of certain 
musfiloH whenever the function of tho^ muscles varies. Thus, 
in the kangaroo, csscntiully a leaping animal, wo hnd an 
enormous development of the muscles of leaping, the tjlutci, 
tho triceps ewtamr cruris, and the pnstmenemud musek's. 

In birds the function of flight is exorcised under very dif- 
ferent conditions in different species ; so, also, the anatomical 
arrangement of the muscles which move the wing, tho ju-etoral 
muscles, varies in a voiy decided manner in dlficrc&t siiecics. 
To show tho imrfect harmony which exists Imtwocn tho func- 
tion and tho organ, it woidd bo necessary to enter into long 
details of ibo mochanisin of flight. The reader will And, 
fartlior on, explanations on this h<>ad. VVu will content oui^ 
solves with giving in a fow words tho diffuroaces which have 
boon observed in tho movements of tho wing, and in tlio form 
of tho tnusdics which produce them, 

Kvory one htvs remarked that birds which havo a largo sur- 
face of wing, as the tiagie, the man-of-war-bird, &c., give 
strokes of only u slight extent; that depends on tho gnmt rt^ist- 
ance which a wing of so Inrgu a surface meets with in tito air. 

Birds, on tho contruiy, which have but very little wings, 
move them to a great extent, and thus compensate for the 
slight resistance which they meet with from tho air; the 
guiUemot and tho pigeon belong to tho second group. If it 
VO admitted that tho Snt-moutioned binis must make 
onergotio but rostrioted movements, and that tlus second must 
move with less energy, but witlt greater nmplUudo of stroke, 
tho conclusion arrived at must neccsaurily l«o that tho first 
ought to have large and shiHt pectoral muscles, while in the 
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second, these mnsdes should be long and slender. This is 
pieoisdy irhat takes place ; we can be assured of this, b^ the 
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simple inspection of the sternum in diJSerent species; for 
this bone measures, in some degree, the length of the pectoral 
muscles which are lodged in its lateral cavities* Thus, birds 
with long wings, have a wide and short sternum ; the others 
have one which is long and slender. 



rui. li* '"•Skttliituii of » iiuitguiit ; itornum vory wi»K very 


The comparison of homologous muscles in mammals of 
difibrent kinds is not less instructive under the aspect in 
whh'h wo are now conshlering them. But one is often^ cm- 
Imrrassod in this ftompariaou by the difficulty of rettognizing 
the homology. The discrepancies are sometimes so striking 
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that anatomists have described under various names the same 
muscle in different species. 

Still, in tbe greater number of cases, the homology is not 
doubtful; it is implicitly admitted by the fact of an identical 
designation being applied to certain muscles in different 
species. These are precisely the muscles which we shall take 
for an example, to show the harmony which exists between 
the function and the organ. 



Pio, 15.— Skeleton of the wing and sternum of tho Mon-of-wnr-bird— 
showing the eactromo shortness of the Btomum, and tho great length 
of the wing. 


Thus the femoral biceps is easily recognized in all mam- 
mals \ and it varies considerably, especially in its lower attach- 
ment. In certain quadrupeds it is inserted all along the leg, 
almost to the heel; in these animals the leg is never ex- 
tended upon the thigh ; in animals which have the power of 
leaping, the lower attachments of the biceps is more elevated; 
it is still more so in the simue, which can almost extend 
the leg upon the thigh and stand upright. In man the biceps 
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is inserted high in the fibula. If one can relj on the 
anatomical plates of Cuvier and of Laiirillart; the nogro lias 
the fibulur insertion of the biceps not so high ns in the 
■s\hito man, thus approximating to its position in the ape. 

Neglecting at present the question why there should be 
this variety in the attachment which regulates the motion of 
the biceps, let us content ourselves with considering the con- 
sequences wliich this aiTangement may have upon its function. 
It is clear that during the movement of the lle.vion and ex- 
tension of tho knee, oath portion of the hone dohcrihes around 
this articulation an arc of a circle wdiich is larger as it recedes 
from tlie centre of motion. It is equally evident that each of 
these points will move to a greater or loss distance from tho 
femur or the ischium, according to tho extent of tho circular 
movf‘mcnt which it oxeeutes. And as great movements should 
correspond with long contractile fibres, wo ought to find 
im qunUtios in tho length of tho bicops in different mammals. 

This is precisely what is observed. In man, whose biceps 
has its lower insertion veiy near tho knoo, tho extent of tho 
movements 9 f tho moveablo attachments is not very consider- 
able j so tho contractile fibre will have rclutiYoly little length, 
while tho tendon will occupy a certain part of the extent of 
tlio hicoj^s. In the upo, tho inferior attachment of tho muscio 
taking place lower down will <ionsoqtiontly have groutor mo- 
bility; whence the mmssity of a greater length of active 
muscle, which is offeeted by tho tendinous part being shorter. 
In quadrupeds tho tendon of tho biceps almost entirely dis- 
appears, and tho muscle is formed of arod fibre throughout 
almost all its extant. 

The reetim inteirnus muscle of tho thigh presents tho same 
variability in its attachments and its structure. If we obfjcrvo 
its arrangement in man (fig. 16), wo sco at once that tho 
atttt(*hm0nt of this muscle to tho log is very near tho knoo, 
and that its tendon is very long. Let us examine tho same 
muHclo in an apo (figs. 17 and 18), wo find that its tibiul 
attmdiment is much farther from tho kneo, and as a conse- 
qucucoof tho moroextondoil movements wlik^hthis attachment 
executes, we find that tho muscular fibre gains longtli at tho 
expense of that of the tendon, which is extremely short. 
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This vaiiability in the point of attachment is still Tery 
loticeable in the smUtendinoaus mnsde, which, derives its 
lame from the fact that in man, about half of the length 



Fm. 18 .— Mtiaolos of tho tlilgU in man. Tho aarCoHus musold (above) and 
the recim intermut (below), are darkly shaded* that they may be more 
easily recognlaod. Tho roatna intomus le, at its lower extremity, pro- 
vided with o long tendon ; its fleshy port is short, whldi is in harmony 
with tho slight extent of movemont m this mnscle, tho atfcnohraont of 
which Is very close to tho knee. The sartorius muscle is provuiod with 
a short tondun at its inferior attachment. 

)t the muscle is occupied by the tendon. In feet, the inferior 
ittachments of the semi-tendinosiia in man is very close to the 
irticulation of the knee, but in apes, where it is attached 
owor down, the muscle has almost entirely lost its tendon ; 
t is altogether lost in the greater part of other mammals, in 
he Coalta, for ejcample* 
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We might multiply indejSnitely examples which prove the 
perfect harmony between the form of the muscles and the 
sharacters of their functions. Everywhere the transverse 
levelopment of these organs is associated with strength, as 
11 the triceps of the kangaroo, or the masseters of the lion* 



Pio. 17.— Mlwcto of tl)0 tlilffli In tho MngfOt ; roctiw intornus imiHoIo uhnost 
nitinjly foniid<{ of ujii llitroH ; tho nttruihmcntH of t)ilH muHclu TtuitiK .a 
u rf»nHidomMo from tho fciioo^ glvo it n (trout oxtoiit of movo- 

mcut ill twmliug thu log niton tUo thigh, MurtoriuH nmsclo, huviiig a vory 
fthort touUon* 


pverywliBre also, tho longtli of mnsele is connected with the 
oxtentof movement, as in the cxamTilos which wo have just 
cited. 

Is this harmony pro-ostahlishod, or rather is it formed under 
tho influence of function in difforcnt creatures ? In tho same 
miinucr as wo soo the muscles increase in volume hy the 
hahit of employing' energetic efforts; we fdso observe them, 
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under the influence of more extended movemenis, acquire a 
greater length ? Can ^vo see a displacement of the tendinous 
attachments of the muscles to the skeleton, under tho influcnco 
of changes in tlie force of muscular traction ? Such is the second 
problem which we propose to ourselves, and which experiment 
should ho called on to determine. 



Fio. IR,- MumcIph f»f tlifl tliigh nf tho Ilortnit intoniUK, litHfrt***! 

lit. tt frtrtii tho hnoo, ontIvtOy withdiit tdiultui TJin 

MtU'torhtH liuvhix Itn hniHn*i()r Attaphmrnt vory far fraiu tho coxo U luttr.tl 
iirtiiMilution, him very oxtondod tnovomunlff ; it iiuhhumhuh i» itpo 

u Itiiiglh of rad hhro, niid not of tciKloit. 


Tin? DKYELOrMUNT TlIKOitV. 

Tho natural sciences havo dorivod.at tho present day a 
great impulse firom tho inilueace of ideas of Darwin. 


THE DEVELOPMENT THEORY. 


79 


Not that the opinions of the illustrious Englishman are yet 
universally accepted; it has been recently seen with what 
vehemence the defenders of the prevalent theory reject the 
development hypothesis. But the appearance of the Darwinian 
theory has excited long discussions ; to the arguments which 
Lamarck formerly brought forward in favour of the vari- 
ability of living beings, many others have been added by the 
partizans of development. On the other side, the old doctrine 
has been maintained with a passion which was little antici- 
pated, so that at the present day, naturalists are divided into 
two camps ; almost all who have devoted themselves to the 
study of zoology or of botany have taken one side or the other. 

In one of these camps wo find that the old school, those 
who consider the organized world almost unchangeable, have 
retronohod themselves. According to them, tho very numerous 
series of animals and plants is limited to a certain number of 
species, unalterable types which have the power of transmit- 
ting themselves through succossivo genorations, from thoir 
origin to tho end of time. It is scarcely admittod that the 
species has tho powor of departing oven slightly, and in a 
temporary manner, from the primitive typo. Thoso slight 
changes, which are brought about by variations of climate or 
of fo^, by domestication, or some other disturbing force of the 
same order pass away whon the species is again placed under 
tho normal conditions of its existonco. The primitive type 
then re-appears in its original purity. 

In ilie other camp tho belief is entirely different ; the living 
being is incessantly modified by the medium which it inhabits, 
the temperature which it finds there, and tho nourishment 
which it procures. Tho habits which it is forced to assume 
in order to live under new conditions cause it to acquire 
special aptitudes which modify its organism, and change the 
form of its body. And because here&tary descent transmits 
to descendants, within certain limits, the.modifications acquired 
by their ancestors, tho sjyeoiea is modified by degrees. Lamarck 
was the author of this &eoiy of development^ to which Darwin 
and his followers have recalled tho attention of naturalists. 
Darwin adds to these external infiuencos, which can modify the 
qpecies of axumals, another cause which maintains and increases 



80 


ANniAL MECHANISM* 


these modifications continxially, when they are advantageous 
to the species. This cause is naturnl selection. 

If the chances of birth have given to certain individuals a 
slight modification which rendei’S them stronger or more 
active, as the case may be, but altogether more fitted to main- 
tain the struggle for existence, these individuals are destined by 
that very circumstance to reproduce tlieir kind. Kot only does 
their physical superiority increase their chance of longevity, and 
give them by that means more time to multiply, but, according 
to Darwin, the very existence -of a physical superiority in an 
animal causes it to be preferred above others, for tlie purpose 
of reproduction. Thus the entire species would be improved 
by successive acquisitions of new qualities every time that an 
individual happened to he bom with bettor endowments tlmn 
the other representativos of this queries. 

The struggle between the old school and that of development 
threatens to endure yet a long time, without either side finding 
a victorious argument to overcome tlie other. Ifiveiy one 
knows the reasons which have boon alleged on both Hides, and 
for which, in their turn, geology, archmology, axiology, and 
agriculture have been laid under contribution. Wlieu and 
bow will the strife end ? No one can as yet answer this ques- 
tion. Yet, if one might venture a prediction as to the issue 
3f the combat, found^ on the actu^ attitude of the advorse 
parties, one might predict the defeat of the old schooL Their 
ranks are, in fact, thinned every day ; they evidently grow 
liscouragod, and seem to avow their inability to furnish proofs 
)f a scientific character, by sheltering themselves under an 
Drthodoxy that has nothing in common with the dispute. 

Cue objection might perhaps be brought against both 
ystems — that of keeping too much to generalities in their 
iiacussions, and not bringing sufficiently into relief tlio promi- 
lent points of the debate. 

Thus, wo must allow that Lamarck is much too vaguo in 
lis explanations, when he attributes to outwaiHl circumstmices 
he changes in the living organism. Botwoon a nond which 
s manifested and the appearance of a form of organ which 
lorresponds to tliat need, tliore is a hiatus which his theory 
las not filled. He tells us that the animal species which we 
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now see, so admirably adapted, each to the kind of life wliich 
it leads — provided, according to their necessities, with claws 
or hoofs, wings or fins, sharp teeth or horny beaks — ^have 
not always lived under this form ; that they have gradually 
acquired these diverse conformations, which are at present in 
perfect harmony with the conditions under which they live. 
But, when we ask him to show us a modification of this kind 
in process of accomplishment under an external influence, the 
author of the ** Philosophic Zoologique** has little wherewith 
to furnislx us, except modifications of slight importance ; he 
objects that scientific observation does not go far enough back 
into the ages of the world. If wo open the tombs of Mem- 
phis and show Lamarck the skeletons of animals identical 
with those which live in Egypt at the present day, ho replies 
^without being disconcerted: **It is because tlic.so animals 
lived under the same conditions os those which exist at the 
proHcmt time.’'' The answer is as good as the attack, but 
pi-ovos nothing. Wo might carry on the discussion for ever 
ou sui'h grounds as those. 

Darwin is more precise when ho pleads in favour of natural 
sfileiftlon* There is no one at tlio present timo who does not 
udtnit the enonnous power of selection in modifying the typo 
of organi^sed ])idngs. Breeders have xmoduced the most 
curious tnuisformations in tho animal kingdom, by choosing 
continually for tho purpose of reproduction, individuals pos- 
sessing in a high degree tho physical characteristics wMch 
they dosiro to impress ou tho rmjo. Selection produces in the 
vegetable kingdom transformations of a similar kind ; so that 
Darwin has, without giving way too much to hypothesis, 
attributed tlio priiuiipul part in transformation to a selection 
which is miid<? naturally, for the reasons that have just been 
given. But Darwin, m well as Lamarck, only considers under 
a restricted point of view tho causes of tlxo tx'ansformatioii of 
organissod beings. Each of tho two cliiefs of this doctrino 
gives tho greatest prominenco to the cause of variatiou which 
hr. first has pointed out. 

Tho new school which, hy a judicious eclecticism, cmdea- 
vours to make a duo partition between these two kinds of 
influences, in order to expluiu by successive transformations 
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the surprising variety of living beings, has already furnished 
important arguments in favour of development. But many 
savants look with suspicion on these studies; they consider 
that the immutability and variability of animal species belong 
to the domain of insoluble questions. 

It is true, that if we ask the partizans of development to 
prove experimentally the reality of their doctrine; if we 
require of them, for example, to ^ansform the ass species into 
the horse or anything analogous to it, they are forced to avow 
their inability, and they reply that it is necessary, in order 
to effect this, to exercise modifying influences during millions 
on millions of years. It must indeed have been by very slow 
transitions that the variation of species has been effected, if it 
indeed has taken place. Consequently, in the absence of an 
experimental solution, the development hypothesis can neither 
be proved nor refuted. 

Learned men, whoso minds are habituated to rigorous do^ 
monstratiou, are not interested in such questions ; they havo 
no scientific value in their estimation, .^d yet science mootB 
with such every day. When an astronomer studies the in- 
fluences which may cause the heavenly bodies to move moro 
slowly ; when he predicts a modification of the orbit of tho 
earth after the lapse of some millions of years, or a lengthen- 
ing of the period of rotation of our planet — changes which 
would affect all the inhabitants of tho earth with a mortal 
chill — ^this philosopher is listened to. When he speaks of a 
cause, however slight it may be, of tho retardation of a 
planetary movement, every one understands that if this causu 
should continue during many ages, its effects will ho exag- 
gerated by the lapse of time. No one tells this astronomer 
to wait till some millions of years have proved the accuracy of 
his reasonings. 

Why should wo be more unjust to the theory of devcloj)- 
ment ? It cannot, it is said, bring before our eyes the trans- 
formation of one animal into another. This is true, but it 
may show us some tendency to this transformation. However 
slight it may he, yet accumulating moro and more during 
many ages, it may become as complete a transformation as 
we can imagine. 
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But what we have a right to demand of the advocates of 
development, even now, is that they should show us this 
tendency ; that they should bring it before us under the form 
of a slight variation in the anatomical characters of individuals 
when exposed to certain influences, which continued jQcom 
generation to generation, would in the end produce the most 
important modifications in the species. No one denies that 
the morphological characteristics of individuals are transmitted 
in different degrees to their descendants. The point which 
is to be demonstrated is the manner in which an external 
cause acts in order to impress on the organism the primary 
modification. Besearches of this kind belong to experimental 
X 3 hysiology, and this science may even now furnish us with 
some reliable arguments. 

At the time when Lamai’ck lived, scientific logic was not 
very exact in its requirements. In his opinion, a want which 
was felt, originated the organic conformation suited to satisfy it. 

A certain bird which was in the habit of seeking its food 
at the bottom of the water, made constant efforts to lengthen 
its neck, and its neck grew longer j another bird wished to 
advance as far as possible into the waters of a pond without 
wetting its plumage ; the efforts which it made to extend its 
legs gradually gave thorn tlte proportions observed in tho 
w^ading birds (Grallatores). The giraffo, attempting to feed 
on the foliage of trees, gained by this exereiso cervical vertebrae 
of a surprising length. 

Lamarck, certainly, attributed to hereditary descent tho 
function of accumulating continually for the profit of tho 
species that which each individual had acquired for his own 
benefit ; but he did not show what the slight acquisition 
was which was made by the individual himself, under tho 
influence of external circumstances, and of the habits which 
he was forced to acquire. J. Hunter reasoned in a similar 
manner in sciences of a different order. When he wished to 
exxdain the cicatriization of wounds and the consolidation 
of fractured hones, he recognized tho necessity that new tisBuo 
should be su2>plied by the blood; but why did the blood 
carry those elements to the parts which needed them ? ** It 

was/' said ho, ''in virtue of tho stimnlus of 7icce&sity/* 

G % 
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We seek at the present day to state with precision the rela- 
tion between causes and effects^ to ascertain the gradual transi- 
tions whiclx the animal or vegetable organism is able to pass 
through when it finds itself placed under new conditions. 
We have a glimpse of the influence which function exercises 
over the organ itself which produces it. The short and pithy 
formula of Mons, J. Guerin, Function makes the organ^^ ex- 
presses in a general manner the modifying action of function. 
This formula will acquire additional force when supported by 
individual examples. 

It must be shown how the bones, the articulations, the 
muscles are modified in various ways by the effect of func- 
tions of different kinds; how the digestive apparatus, yielding 
to very varying kinds of food, passes through transformations 
which adapt it to new conditionus ; how a change effected in 
the circulatory function produces in tlic vascular system cer- 
tain anatomical modifications which may bo predicted befonj 
they take place; how the senses acquire now qualities by 
exercise, or lose by desuetude their ibrmer powers. Thesis 
changes of function under the influence of the function itself 
are aecompaniod by anatomical modifications in tho apparatus, 
physiologically modified. 

The first demonstration to be furnished will bo to ascertain 
one of those transformations, and to sliow that it is always 
produced in a certain manner under certain circumstances* 
And if, in the second phase of the experiment, it con b© 
proved that hereditary descent transmits oven the least part 
of &o modification tiius acquired, the development tfioory will 
be in possession of a solid starting-point. 

This seems to bo the true course to follow, if wo dcfliro to 
obtain a solution of this important question. During several 
years serious efforts have been made in this direction. Having 
been ourselves for a long time conversant with the problems 
of animal moohanism, wo have often been induced to reflect 
on the reciprocal relations of the organs of lo<‘omotxon and of 
thf'ir functions. Wo will thcroforo attempt to show how the 
bkolctou and the muscular apparatus hiirmoniise with the 
movemouttt of each animal xmdor the ordinary conditions of its 
oxistcnco. 



CHAPTER IX. 

VArJABILIjy OF THE SKELETON. 

fleasoiis wliich have caused the skeleton to be considered the least variable 
part of the organism— Proofs of the yielding nature of the skeleton 
during life under the influence of the slightest pressure, when long con- 
tinued —Oi*igin of the depiessions and projections which are observed 
in the skeleton —Origin of the articular sui faces— Function rules the 
organ. 

Any one wlio examines the skeleton of an animal, and holds 
in his hands its osseous portions as hard as a stone ; who knows 
how those bones have survived the destruction of all the other 
organs, and how they can remain, after the lapse of thousands 
of ages, the only vestiges of extinct animals, may naturally look 
upon the skeleton as the unchangeable part of the organism. 
This skeleton, he argues, is the framework of the body, and 
the soft i>arts are grouped around it as best they may, reposing 
in its cavities, spreading over its surfaces, but always obey- 
ing a law stronger than their own, and arranging themselves 
in the spaces which have been allotted to them among the dif- 
ferent portions of the bony btructuro. 

The observer, however littlo he may be acquainted with 
anatomy, soon perceives on the surface of the bone a thousand 
curious details ; he sees tliere numoroue small hollows, little 
abodes which seem to have been destined to receive or to shelter 
some organ that has disai)peared. Tlies© hollows correspond 
with the origin of the muscles which adhered at these points to 
the excavated bones. Elsewhere there are deep rounded grooves 
which remind one of the channels found in the curbstones of 
ancient wells* A cord has also passed in that direction ; it was 
the tendon of a muscle which incessantly glided along that bone* 
But at the two extremities of this humerus tlie bone is polished 
as if by ftiction ; in the upper part it is rouuded like a 
sphere, and it is lodged in a cavity of the shoulder-blade w'hich 
it exactly fits. One would say that the movement of these 
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bones had worn •fiie” surfaces smooth; the humerus continually 
changing its position, and turning upon its axis, seems to 
imitate the action we employ when we wish to obtain by 
means of friction a body of a spherical form. 

It is thus, for instance, that opticians produce the forms 
and the polished surfaces of convex and concave lenses. At 
its lower end the shotdder-bone shows the trace of the same 
phenomenon, a small spherical projection articulating it with 
the radius; it shows also that there existed movements of 
two kinds, and dose hy, we meet with a surface cut like 
the groove of a puUey ; this, in fact, only contributed to the 
flexion and extension of the fore-arm. 

If we examine the skull we meet with fresh surprises ; here 
every want is foreseen. Beep cavities lodge in iieir interior 
the brain and the organs of sense. 

The nerves have conduits which allow them to pass through ; 
each vessel creeps along a furrow which forms a canal for it, 
and is ramified with the minute arteries whose rich foliation it 
delicately traces cut. 

If the bone were not so hard, one would really suppose that 
it had been subjected to extomd force, of which it bears, os it 
were, the imimmion. But it is in vain to press a bony sur- 
face ; it resists absolutely the force which is applied to it. It 
is necessary to use a saw or a gouge if we wish to make a 
channel in it. How could the pressure of soft parts hollow 
out these cavities which are sometimes so deep ? 

The foresight of nature has prepared everything in the 
skeleton so that it may be disposed in the best possible manner 
to receive the organs to which it offers its solid and invari- 
able 6ux>port. Such is the natural qrgument of all those 
who have not scon, with tlxeir own eyes, these osseous changes 
take place, and these channels hollowed out. The anatomist 
as well as the zoologist have necessarily reasoned in this 
manner. They have considered the skeleton as the unalterable 
element of the organism, and therefore they have derived &om 
it the greater part of the specific oharacters in zoology. 

It must bo very difficult to oppose an opinion which has 
been for a long time received. Thus, when Mens. Charles 
Martin, carrying out and reoti^mg the ideas of Vic, d^Azir, 
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has shown that the humerus of a man or of an animal is the 
homologue of the femur, hut of a femur twisted on its axis, so 
that the knee turned behind becomes an elbow, zoologists 
have replied that this torsion was purely virtual. Instead of 
being the effect of a muscular effort, whose slow and gradual 
action has reversed the axis of the bone, this singular form 
is, in their opinion, the result of a pre-established arrange- 
ment of the organism; for the embryo shows a contorted 
humerus, before muscular action has been sufficiently developed 
to produce such a modification of its skeleton. 

We might, with greater show of reason, argue in a directly 
opposite manner. 

No one denies at the present day that the bony system is 
perfectly yielding in its character. These organs, which are 
so compact and so hard in the dead skeleton, aro, on the con- 
trary, essentially capable of being modified while the organism 
is living. If we exert upon a bone a pressure or a tension, 
however slight it might be, yet if prolonged for a considerable 
time, it can produce tlio strangest cliaages of fonii ; tho bone 
is like soft wax which yields to all external forces ; and wo 
may say of the skeleton, reversing the propositi<m to which wo 
have just alluded, that it is comidotely UTwior tlm infliujuco of 
the other organs, and that its form is tliat which tho soft ports 
with which it is surrounded ponnit it to assume. 

Wo are indebted to jnedicino and surgoiy for tlio knowledge 
of important facts, of which many examples could easily l>o 
given. Thus, when an aneurism of tlio aorta is developed, 
and it happens to moot in its course the stomum or tho clavicle, 
it does not stop at this barrier of bono, but perforates it 
in a few months. Tho substance of tlio bono is absorbed and 
disappears under tho proasuro of the aneurism ; it certainly 
resists less the effort of the invading tumour than do tho softer 
parts — ^tho skin, for example. 

But this pressure of the aneurism differs in no respect 
from that of the artoriol blood; tho force with which tho 
aneurisxnal sac compresses and perforates tho bonos, is prcHont 
in every part where an arteiy touches a bono. Tho sanio ab- 
sorption of the bony material still goes on, so that tlio artery 
hoUows out for its^ a furrow in which it lodges with its dif- 
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ferent branches, an example of wbioh is seen in the internal 
surface of the parietal bones of the human skull. Even a rein 
is able to form a considerable hollow in a bone. The ab- 
normal dilatation of those veins which are called varicose^ and 
which is usually produced in the legs, is accompanied with a 
change of form in the anterior surface of the tibia ; the bone 
wears the impress of the dilated veins. We cannot say that 
these osseous furrows enter into the pre-established plan of 
nature; that the skeleton had originally these furrows in 
order to provide for the swollen state which should hereafter 
be produced. Surgeons know that these hollows are formed 
in the bone of an adult, which was in a perfectly normal state 
before accident had caused the varicose dilatation of the veins* 

It is a similar mechanism which forms along the bones the 
furrows imprinted by the muscles, and which, gives to the 
fibula, for instance, prLsmatio form by which it is gha^ 
racterized. 

The hollows in which the tendons are lodged are not formed 
beforehand in the skeleton ; it is the presence of the tendon 
which has hollowed them out, and which still maintains them. 
Should a luxation take place and change the position of the 
bone with respect to the tendon, the former furrow which is 
now empty is gradually efiloced; at the same time a new 
furrow is formed, and by degrees assumes the necessary depth 
to allow the tendon to repose in its fresh place. 

But, it may be said, that the articular surfaces, so perfect 
in their structure, so well adapted to the movements which 
they cany on, are certainly organs formed beforehand. Here 
the bony surfaces are clothed with a polished cartiilage 
moistened with a synovial fluid which facilitates their move- 
ment still more ; all around them, fibrous ligaments prevent 
the bones from passing the limits allotted to them, and tlio 
surfaces from separating from each other. So perfect an ap- 
paratus could not be formed by tbo function alone. 

We have here at least a proof of the foresight of nature 
and of the wisdom of her plans. 

Let us turn once more to surgery, ^yhich will show us that 
after dislocations, the old articular cavities will be obliterated 
and disappear, while at the new point where the head of the 
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bone is actually placed, a fresb. articulation is formed, to urbicli 
nothing ^ill be wanting in the course of a few months, neither 
articular cartilages, synovial fluid, nor the ligaments which 
retain the bones in their place. Here again, according to the 
expression which we used just now, function has produced 
the organ. 

So much for the furrows formed in the bone. But how 
can we attribute to external influences those decided promi- 
nences which we observe everywhere on the sxirface of the 
skeleton, those apophyses, as they are called, to which each 
muscle is attached. 

The answer is not less easy ; it is sufficient to account for 
the formation of projections on the face of the bone, if we call 
into play an influence contrary to that which we know to be 
capable of hollowing out the indentations. We must admit 
that traction has been exercised pn the portion of the bone 
where the projection is observed. 

The existence of traction on all the points in the skeleton to 
which muscles are attached is absolutely evident ; it is clear 
that the intensity of these tractions is proportional to the force 
of the muscles which produce them. Thus, it is precisely in 
the tendinous attachments of the stronger muscles ^atw^e find 
the more projecting apophyses,* a proof that the prominences 
in the bone are intimately connected with the intensity of the 
effort acting upon them. The right arm, more frequently used 
than the left, acquires more decided projections on its bony 
structure. When paralysis of a limb suppresses the action of 
the muscles, its dceloton is no longer under the influence of 
muscular power, and the apophyses become less prominent ; 
in fact, if paralysis dates from birth, the bone remains nearly 
in its fcntd form, which function has not supervened to 
modify. 

Comparative anatomy also confirms this general law that 
the longer the apophysis is, the greater energy it reveals on 
the part of the muscle which was inserted into it. 

Mens, Durand de Oros has doorly shown tho infiuoncos of 
muscular function on tho form of tho torsion of tlie humerus 
in different species of fossil and recent animals. Thus the 
humerus in the mole, the ant-eater, and several other burrow- 



90 


ANIMAL MECHANISM. 


ing animals is scarcely recognizable, so tlxickly is it studded witlx 
ridges and projections, eacli of whicb. gave insertion to a 
powerful muscle. 

The skull and the lower jaw in the carnivora bear the traces 
of a powerful muscular action. In the skull a deep hollow 
retains the impression of enormous temporal muscles ; ail 
around the temporal depression, decided ridges were the solid 
points of attachment of the muscle; again, a strong and long 
apophysis by the side of the lower jaw shows the violent 
tractile force to which it has been subjected in the efforts of 
mastication. 

If tlio effects of muscular actions on the bones augment with 
the intensity of the force of the muscles, they do not vary loss 
in proportion to the duration of their action. From infancy 
to old age, the modification of the skeleton goes on more and 
more, and even allows us,* to a certain degree, to determine 
the age of the subject. 

Mens, J. Guerin has shown that in tlie old man the veric- 
brm have longer apophyses, the ribs more angular curves, &c. 
Compare the cranium of a young gorilla with that of an adult 
animal ; the form will appear to you so different that unless 
you had been told that the two skulls belonged to animals of 
the same species, you would scarcely have believed it. Of a 
rounded form in the young goriUa, it changes its shape in 
the adult ; it assumes a kind of ridge like the crest of a 
helmet ; this is the apophysis into which the temporal muscles 
are iiiserted. We should never finish if we were to point 
out all the modifications to which the skeleton is subjected 
in different species of animals ; modifications which from the 
beginning to the end of life become more and more marked. 

Medicine, in its turn, furnishes us with curious information 
as to thoBo questions, by showing us tho sudden development 
of accidental apophyses which are called exostoses. In certain 
maladies which attack the entire body, wo see tho skeleton 
covered, in a great number of points, with accidental osseous 
projections ; and fdmost all those prominences ore developed at 
the points of attachment of the muscles, and as thoy increase, 
they extend especially in the direction in whicdi muscular 
traction is applied. 
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The curvature of the bones, or their contortion on their 
axis, is a phenomenon which is frequently observed. I have 
mentioned that Mens. Ch. Martin has demonstrated that in 
all the mammalia, the humerus is a contorted femur, w^hose 
axis has made half a turn upon itself ; this contortion, accord- 
ing to Gegenhaiier, is leas in the foetus than in the infant, 
and becomes still more marked in process of age. It is 
therefore partly effected by causes which are in action during 
life j and if it be true that eveiy foetus brings into the world 
a contorted humerus, it is not less true that this form may 
be considered as the effect of muscular action accumulated 
from generation to generation in terrestrial mammals. 

Articular surfaces are particularly interesting to study when 
we wish to ascertain the influence of function over the organs. 
If we admit that the friction of those surfaces has polished 
them, and given them tlieir curvature, it is easy, when wo 
consider the movement which takes place in each articulation, 
to foresee the form which theso suifaces ought to possess. 

The surfaces whose curvature has the greater number of 
degrees, will correspond with the more extonsive movomonts. 
Moderate movements, on the contrary, will only i>roduce sur- 
faces whoso curvature will corz’espond with an arc of but few 
degrees. As a necessary consoqueneo, the radius of curvaturi) 
in the articular sjxrfaceH will bo very short, if tho move- 
ments aro very extended ; it will bo very long if the movement 
is moderate. 

Let us examine, from this point of view, the articulations 
of tho foot in man ; wo see in tho tibio-tarsal articulation a 
curvature of small radius, on account of the considerable move- 
ment of tlio foot on tho leg. In the tarsus tho radius of tho 
curvature increases in proportion as the mobility of tho bones 
diminishes* The scaxihoid shows articular surfaces of a great 
radius ; tho radius increases still more in the tarso-metatarsal 
articulations, in winch Ihe movements are very limited ; then 
it diminishes again in the articulations of tho motatarsfds, 
with the phalanges, and of tho phalanges witli each oUior, at 
which point there is great mobility. 

Everyone knows tibat if tlze articular movement is only 
effected in one direction, tlxe surfaces wiU curve only in that 
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direction ; such are the trochlear surfaces, of which the articu- 
lation of the elbow, the condj^les of the jaw, &c., are examples* 
But if the movement is executed in two directions at once, 
the surfaces will present a double curvature, and in the case 
of an inequalitj in the amplitude of the movements, the radii 
of these curvatures W'iB be unequal Thus, in the wrist there 
exist movements of flexion and extension which are consider- 
ablj extensive, but the lateral movements are restricted. The 
result of this is that in the elliptical head formed by the 
carpal bone, there is a curvature of small radius in the direc- 
tion of the movements of flexion and extension, while, in the 
lateral direction, the curvature belongs to a circle of much 
greater radius. 

It is still more interesting to observe the articular surfaces 
of a sexios of animals in different classes and species. 
Similar articulations present movements of very different kinds, 
which must bring about no less important differences in the 
articular surfaces. 

Irct us take, for example, the head of the humorus, and 
follow the changes of its form, in man, in the ape, the carni- 
vora, the herbivora, the birds* We shall see that the perfect 
equality of movement in every direction which can be exe- 
cuted by the liuman arm corresponds witli a perfect sphericity 
to tlie head of the humorus — is to say, a curvature of the 
same radius in every direction. Among apes, those which in 
w'alking throw a part of their weight usually on tlieir anterior 
limbs, have the head of the humerus flattened at the upper 
part, as if by the weight of the body. Besides this, the 
movements which are required in walking being more ex- 
tended, the curvature of the head of tlio humorus in these 
animalspresentsits least radius in the antero-postorior direction. 
Tliis modification Is more marked still in tho carnivora, and 
above all in the herbivora, the head of whose humerus, flat- 
tened above, presents its short radius of curvature in the 
direction of the movements which serve for walking, and 
' which predominate in this articulation. 

Birds possess, in tho articulation of tho shoulder, two 
movements of unequal extent. One, by which they spread 
and fold their wings, and which carries the elbow sometimes 
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near to the body, and sometimes very forward; the other, 
usually more restricted, is made in a direction perpendicular 
to the former ; it is that which constitutes the stroke of the 
wing. 

Curvatures of different radii correspond, therefore, to these 
two movements of unequal amplitude ; to the greater move- 
ment of stretching and folding the wing a curvature of short 
radius corresponds; to the less extensive movement which 
raises and lowers the wing during flight, there is a corre- 
sponding curved surface of very long radius. The result of 
this is that the head of the humerus in birds assumes the 
form of a very elongated ellipse, at the level of the artioular 
surface. 

But the movements of flight present in different species 
great variations of amplitude. Birds which have sail-like 
wings give but very small strokes with them, while the 
pigeon, at the moment when it takes flight, strikes its wings 
one against the other above and below, produemg a dapping 
noise, which is familiar to every one. 

To these variations in the extent of the movements corre- 
wpond varieties of surface in the head of the humerus, which 
in birds with sail-like wings has a very elongated elliptical 
surface ; but in tho pigeou it tends to ike circular form, and 
very nearly attains it in the spheniscus, an aquatic bird found 
in southern seas, and closely resembling the penguin. 

From all this wo may gather, that in the form of the hony 
structxiro, everything bears tlie trace of some external influ- 
ence, and particularly of the function of the muscles. There 
is not a single depression or projection in the skeleton, 
tho cause of which cannot be found in an external force, 
which has acted on the holy matter, either to indent it, or 
draw it forward. It was not, therefore, a metaphorical exag- 
geration to say, that the bone is subject, like soft wax, to all 
tho changes of form which external forces tend to impress 
upon it ; and that, notwithstanding its extreme harness, it 
resists less than the most supple tissues the efforts which tend 
to change its form. 

And will this new form, acquired by means of fimction, 
disappear with the individual? Will he not transmit even 
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the sliglitesfc trace to his descendants? Will hereditary 
descent make an unique exception with respect to these ac- 
quired characters? This appears very improbable, and yet 
we must admit it, if we negative the development theory. 
We must bring forward a contrary hypothesis, which would 
reverse the ordinary laws of hereditary descent, if we refuse 
to certain anatomical characters the power of becoming trans- 
missible. 


yxuikjmiTY OP THE MusetrnAU system. 

Wo have stated that the bony system is subject to external 
influences, and especially to those of the muscles, which im- 
press on each bone tho form which we observe in it. The 
great variety of forms in the skeletons of different animal 
species corresponds, therefore, with the diversity of their 
muscular systems. Thus, whenever in animals of different 
species wo find resemblances in certain bones, we may affirm 
that tho muscles which wore attached to those bones were 
also similar. Wiienovor wo observe in an animal, on the 
contrary, a bone of a peculiar form, we may feel assured of 
a poculiai*ity in the muscles which were attaclied to it 

But if the muscle and the bone vary simultaneously, what 
can be tho cause which influences them both ? It is under- 
stood that tho skoleton, as it is modified, plays a passive part j 
that it is subject to tho form imposed upon it by the muscle. 
But what gives to tho muscle itself, an organ eminently active, 
and the true generator of tho mechanical force by which 
the skoleton is in some degree modified, the particiffar form 
which is revealed to us by anatomy? 

We hope to demonstrate that the power to which the mus- 
cular system is subjected belongs to the nervous system. The 
nature of tho acts which tho will commands the muscles to 
perform, modifies tho muscles thomsolves, in their volume and 
tlxeir form, so as to render them capable of performing these 
acts in the best possible manner. And, as this ^lecessity 
which determines all tho actions of animal life, governs tho 
will, it is this, according to the external conditions 

under which every living being is placed, influences its form, 



YAEIABILITY OF THE MUSCULAR SYSTEM. 95 


and rfigulates it according to the laws which we xmist now 
endeavour to make known. 

Nothing in the organic form is under the dominion of 
chance. The specific varieties of living beings have been too 
often compared to the fancies of an architect, who, while 
adhering to an uniform plan, invents a thousand varieties of 
details, as a musician composes a series of variations on a 
given theme. 

In our present inquiry we may say that the great variety 
which is found in the muscular apparatus, whether in the 
different parts of the body of an animal, or in the homologous 
parts of animals of difierent species ; for instance, varieties 
in the volume or the length of musdes; the very unequal 
partition of the red contractile fibre, and the inert, white, 
glistening fibre of the tendon ; that all this is entirely subject 
to the dynamic laws of muscular function. 

Adaptation of tliejoryn oj rnmcleB to the requirements of function. 
Normal anatomy can only furnish us with examples of the 
harmony which exists between the form of the organs and 
Iheir habitual function. Experiment alone can show us that, 
]jy changing the function, wo may bring into the form of the 
organs niudifications which may harmonize them with the 
new conditions which may be imposed upon them. It will 
])o easy to mako experiments for this purpose. Erom ^e 
tni)inent when wo know in what direction the modification 
ought to be produced, in order to adapt the organ to the 
Itinction, the changes effected in animals placed by us under 
c(«uUii<>n» of peculiar muscular function, will derive an im- 
portant significance. But while we wait for the realization of 
this vast series of experiments, there are some which we can 
employ oven now* * Experiments made ready to our hand are 
furnished by pathological anatomy. ^ ^ 

Medicine and surgery are full of information on this m- 
toresting subject. They show us, for example, that it is 
movement itself which keeps up the existence of the musde. 
A long repose of this organ brings about first the diminution 
of its volume, and soon a change in the elements w^oh com- 
itOHO it. Fatty corpusdes are substituted for the striated fibre 
which form its normal element; at last, these corpusdes, 
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becoming more and more abundant, invade the entire sub- 
stance of the muscle. This phase of alteration, or fatty dege- 
neration, is followed by an absorption of the substance of the 
muscle, which disappears entirely at the end of a certain 
time. 

Thus, not only does the volume of the organ increase or 
diminish according as the necessities of its habitual function 
require a greater or less force, but it wholly disappears when 
its function is entirely suppressed. This effect is observed in 
paralysis, where all nervotis action is destroyed ; in certain 
cases of dislocation, which bring closer together the two inser- 
tions of a muscle, so as to render its action useless ; sometimes 
oven in fracture and anchyloses, which, by an abnormal con- 
nection, render the two extremities of a muscle immovable, 
and prevent any contraction of its fibres. 

But w’hat will happen, if the muscle, instead of losing all 
its function, only experiences a change with respect to the 
extent of the movements which it can execute ? After certain 
incomploto anchyloses, or certain dislocations, we see the 
articulations lose more or less of their movements j as the 
muscles which command flexion and extension only need, in 
Bucjh cases, a part of the ordinary extent of their contraction. 

If the theory just enunciated be correct, these muscles ought 
to lose a portion of their length. In order to verify this fact, 
wo have only to maho a short excursion into the domain of 
pathological anatomy. 

A warm discussion arose, some twenty years ago, as to the 
transformation which the muscles underwent in those patients 
who wore afflicted with the deformity commonly known by the 
name of duh foot. Sometimes the foot is twisted upon the 
log, so that tho surface which should be ‘uppermost is next 
the gi’ound ; sometimes the foot is so forcibly extended that 
the patient walks continually on its extremity. In all these 
(.•ases tho muscles of the leg have only a very limited play ; 
they undergo, therefore, either fatty or fibrous transformation. 
Among these muscles, those which have no longer any action 
undergo fatty degeneration, and then disappear ; while those 
whoso action is partly preserved, present only a change as to 
the proportion of rod fibre and tendon. In the latter case 
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the contractile substance diminishes in length, and is re* 
placed by tendon^ wliich often assumes a considerable develop- 
ment, 

J. Guerin, when pointing out the fibrous degeneration of 
the musdes, thought that he saw in it the proof of a primi- 
tive muscular retraction, which would ultimately have pro- 
duced dislocation of the foot. This eminent surgeon also 
thought that the alteration of the fibre was the only lesion of 
the muscles in club-foot. Scarpa maintained, on the contrary, 
that in the greater number of cases the luxation of the foot 
was the original phenomenon. 

As to the nature of muscular change, all surgeons at present 
agree in admitting that it may have two different forms, and 
that sometimes the muscle undergoes fatty degeneration, and 
in other cases it is transformed into fibrous tissue. We are 
especially indebted to the beautiful works of Cuvier, for our 
knowledge of the conditions under which each of those 
changes in the muscular substance is produced. 

An example will illustrate how the muscles are affected 
according as thoir function is suppressed, or simply limited 
in extent. 

The muscles of the calf of the leg, or gastrocnemians, are 
two in number; their attachments and thoir functions are 
very different. Both are inserted below in the calcaneum, by 
the tendon of Achilles, and are, consequently, extensors of the 
foot on the leg. Btit their superior insertions are different ; 
the having its infioiiiion exclusively in the bones of the 
leg, has no other office tlian that of extending the foot, as we 
have said before. The twin gastrocnemii, on the contrary, 
being inserted in the femur, above the condyles of that bone, 
have a second function, that of bonding the leg upon tho 
thigh. 

Lot us suppose that anchylosis of tho foot has been pro- 
iuced ; it entirely sui^presses tho function of tho soleus, which 
passes through the fatty degeneration, and disappears. The 
two gastrocnemii are in a different condition ; if -their action 
m the foot has ceased, there still remains Iheir function of 
bending tho leg on the thigh; these muscles have, ihereiore, 
mly one of their moromonts reduced in amplitudo. Con* 

21 
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seqnenlily, under such conditions, the twin muscles lose onlj 
a part of the length of their fibres; they undergo urhat sur> 
geons call partial fibrous transformation, a modification Trhich 
is only a change of proportion between the red fibre and, the 
tendon. 

Those who are accustomed to regard pathology as a com* 
plete iafiraction of physical laws, will perhaps be astonished 
to see us search among these cases of dislocation and anchy- 
losis for the proofs of a law which r^pilates the form of the 
muscular system in its normal state. It would be easy to 
show that these scruples have no foundation ; but it wiU be 
better still to bring forward other examples which may not lie 
open to the objections so often xirged against the applications 
of medicine to physiology. 

It is again from J. Guerin, that we must quote the fiscts 
of which we are about to speak. 

When we examine the muscular system at different periods 
of life, we find that it varies greatly in its aspects. It seems 
that the muscles have distinct ages, and that, formed at first of 
contractile substance, they lose by degrees, as they grow 
older, thmr red fibrei^ which are replai^ by the white and 
glUtening fibres of the tendon. 

Thus, the diaphragm of a child is principally muscular, 
while in the old man the aponeurotio centre, the true tendon 
of fire diaphragm, is extended at the acpeose of the ocntrao- 
tile fibre. The substitution of tendon for muscular fibre is 
more marked in the muscles of the leg in infamy ; they 
axe relatively much more ridh in controc^e substance than 
during adult ago. In the old man, in ihct, the tendon aeems 
to invade the muscle, so that the portion of the calf of tbe 1^ 
which remains is placed very high, and is very reduced in 
length. The muscles of the lumbar and dorsal regions present 
the same charaotmr; in old age tbqy are poorer in red fibre, 
but richer in tendon. 

What then, is the change which takes place in the muscular 
function during the different periods of life ? Every one knows 
that, except in flie very rare cases in which the man keeps up 
the habit of gymnaslao exercises, the muscular function be- 
comes more and more resbioted— at least, as fhr as the extent 
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of moremeat is concerned. Tlie articulations of tlie limbs, and 
those of the Tcrtebral column, tmdei^ normally a sort of 
incomplete anchylosis, which continues to lessen more and 
more the flexibilify of the trunk. 

Look at a young child tossing about at his ease : one of his 
moYements is to play with his foot ; to t^e it in his hands 
and carry it to his mouth appears to him very natural, and as 
easy as possible. In the adult, the muscular force attains its 
maximum; but the moTements are not so extensive as in 
infhncy; man has no longer, as is well known, the same 
flexibi^ty in his limbs. 

The old man can neither stoop readily nor completely 
draw himself up ; his vertebral column h^ lost its supple- 
ness; he takes o^y short steps; to sit down on the ground, 
with the knees raised, is to him extremdy difficult ; and if 
we examine the extent of flexion and extension in his foot, 
we And that it has become very limited. 

The function of the mnsolM, therefbre, changes with tiie 
different periods of life, and becoming more and more restricted, 
employs continually less contractile flbre. It is thus that the 
musovto modification of which we have been speaking is 
naturally explicable. This modification, which consists in the 
increase of &e tendinous element at the ea^ense of red fibre, 
nu^ be prevented by keeping up the extent of muscular 
movements, by means of suitable exercise. 

Let us now return to comparative anatomy. Since it 
shows us perfect harmony between the form of the musdes in 
different i^eoies of animals and the oharaoters of muscular 
function in the same species, the most natural oondution seems 
to be that the organ has been subjected to the influence of 
function. 

If the race-horse is modified in its form by the special exer- 
cise which is called training, ie it not an evident proof of the 
influence of function on the anatomioal diaracters of the 
organism? And if a species, thus modified artificially, 
returns to the primitive type when replaced under tiie con- 
ditions from whidi it had been taken, is it not ihe counter- 
proof of the theory which assigiu to function the office of 
a modifier of the organ f 

11 S 
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These very facts are, hoTrever, interpreted in an opposite 
sense by the partisans of the invariability of species ; they 
seem to find an unanswerable argument in support of their 
cause, in the return to the primitive type, when the modifying 
influences have ceased. 

To what conclusion can we come when we meet with these 
contrary opinions ? It must be that the partisans of develop- 
ment have not completed their task, and that they ought to 
add new proofe to those which they have already given. It 
is to experiment that the prindpal part belongs, wMe theory 
is not witliout its importance ; by causing us to foresee in what 
manner a certain kind of function ought to modify a muscle, 
it will give its proper value to the modification which may 
subsequently be obtained. Indeed, without theory, the ex- 
perimenter can seldom recognize the modification which he 
has observed. We seldom find in anatomy anything but 
that which we seek for, especially when we have to do with 
slight variations like those which we might hope to produce 
in the organism of an animal. 

The experiments to be tried axe tedious and troublesome ; 
their plan, however, is easy to trace. 

If man, adapting to his necessities tho domestic animals, 
has already succeeded in modifying their organization within 
certain limits, he has produced these changes, as we may 
say, fortuitously. Only intending, for example, to obtain 
draught horses or racers, it was not necessary to place 
the species under conditions entirely artificial. This must, 
however, be done, if we aim at elucidating the problem of 
which we speak, and of carrying to the farthest possible 
limit, changes in the conditions of the mechaniced work of 
animals. 

Man has utilized the aptitudes of different animals, rather 
than sought to give them new ones. It would be necessai^ 
to do violence to the habits of animals, and to constrain 
them gradually to perform acts to which their organism is 
but slightly adapted. If, in order to got its food, a species 
with an organization unsuitable for leaping, should be com- 
pelled to take leaps of gradually greater height, everything 
leads us to suppose that it would acquire at length great 
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facilities for leaping. If the descendants of these animals 
retained any of the po'^rer of their ancestors, they might per- 
haps, in their turn, develop still more this faculty of leaping. 
Graduating thus the effort imposed on this particular species, 
no longer in a utilitarian point of view, which there would 
be no inducement to surpass, but requiring indefinitely more 
force or greater extent in the play of the muscles, we might 
hope that the anatomical development would increase indefi- 
nitely, and that we might obtain something analogous to that 
which is now called the passage of one species into another. 

What we have said of the muscular function applies to all 
the rest. By modifying in a gradual manner the conditions 
of the food of animals, as well as those of light and dark- 
ness, temperature, and atmospheric pressure under which they 
may he made to live, we inay impress upon their organism 
modifications analogous to those which zoologists have dready 
observed under the influence of climate, and of the various 
atmospheric conditions and different altitudes in which animals 
have been placed by nature. These changes, brought about 
by well-managed transitions always tending to the same end, 
woxdd have a chance of producing considerable transformations 
in animal organization, provided that, by persevering determi- 
nation, these efforts were indefinitely accumulated ; as in the 
case of breeders of animals, who use similar means for the 
production of selected kinds of stock. 

We will proceed no farther in the field of hypothesis, but 
we will, in conclusion, make an appeal to zealous experimen- 
talists. Many who have been convinced of the great import- 
ance of this enquiry seem already to be engaged in this 
enterprise. What question, in fact, can more nearly concern 
the human race than this; Can our species he modified? 
According to the tendency which may be given to it, can it be 
directed either towaids perfection, or degradation ? 
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CHAJPTER 1. 

OF LOCOMOTION IN GENERAL. 

Conditions common to all kinds of locomotion— Borellfs comparison — 

* Hypothesis of the reaction of the ground— Classification of the modes 
of locomotion, according to the nature of the point of resistance, iu 
terrestrial, aquatic, and aerial locomotion — Of the partition of muscular 
force between the point of resistance and the mass of the body— Pro- 
duction of useless work when the point of resistance is movable. 

The most striking manifestation of movement in the dif- 
ferent species of animals is assuredly locomotion ; the act by 
which each living creature, according to its adaptation to out- 
ward circumstances, moves on the earth, iu the water, or 
through the air. Therefore it is more convenient to study 
movement with regard to locomotion, for we can thus observe 
it under the most varied types. 

At the commencement of these studies we ought to consider 
he general characteristics of the function which is to occupy 
attention, and to point out the general laws which are to be 
bund in aU the modes of animal locomotion. But what can 
be more difficult than to ascertain the common features which 
umte acts so different as those of flying and of creeping, as 
the gallop of a horse and the swimming of a fish ? Still this 
has heeu frequently attempted. Borelli has endeavoured to 
represent the various modes of terrestrial locomotion, by the 
different methods which a boatman employs to direct his boat. 

This comparison may, with some additional developments, 
serve to explain the mechanism of the principal lypes of loco- 
motion. 
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Let us suppose a xaan seated in a boat in the midst of a 
tranquii lake. Under these conditions, his akiff will remain 
perfectly motionless. If he wishes to advance, he must find 
what is called a point of resistance. Suppose him to be fur- 
nished with a pole, he will plunge it towards the bottom of 
the water till it reaches the ground; then, making an effort, 
as if to drive from him this resisting body, he will cause his 
boat to move in the opposite direction. This progression with 
the point of resistance on the ground is similar to the ordinary 
conditions of terrestrial locomotion. 

If the boatman be provided with a boat-hook, he will 
get his point of resistance under different conditions. Laying 
hold of the branches of trees, or the projections of the shore, 
he will drag his pole towards himself, as if to bring near to 
him the bodies to which it is fastened ; and if these bodies 
resist his efforts, the boat alone wiU be displaced and drawn 
towards them. 

Here are then two opposite modes of progression with 
bearings on solid bodies ; in one the tendency is to repel, in the 
other, to draw them nearer : the effect is the same in ea<^ case. 

But if the lake be too deep, or if the shores be too distant 
to furnish the boatman with the solid fulcrum which he had 
used before, the water itself will serve as a medium of 
resistance. The boatman, armed with a flattened oar, endea- 
vours to drive the water towards the stem of his boat ; the 
water will yield to this impulse, but the boat, impelled in 
an opposite direction, will go forward. The various kinds of 
paddles for steam-boats, the screw, in fact, all nautical pro- 
pdlers, present this feature in common, of driving the water 
backward, in order to i^roduce in the boat an impulse in the 
contrary direction, and to cause it to advance. 

Instead of an oar acting on the water, we may suppose the 
boatman provided with a much larger paddle with which he 
might drive back the air at the stem ; he will propel his 
boat on the surface of the lake. He might make progress 
also by turning a large screw like the sails of a wind- 
mill, or by agitating at the stem some large fan which would 
drive the air in the direction opposed to that in which h< 
desired to force his boat. 
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In all theso modes of locomotioii a force is expended wliioli 
impels in opposite directions two bodies more or less resisting ; 
the one is the fulcrum, the other the weight to be displaced. 

Old writers called the force acting on the boat redaction — 
they considered it as an effort emanating from the soil, the 
water, or any resistance whatever to which the effort of the 
rowers was applied. We can now understand clearly that aH 
the motive force is derived from the boatman. This force can 
have as its result, either the repulsion of two points to w^hich 
it is applied, or their approach to each other. In these two 
cases one of the points may he fixed, it is then the other which 
will be displaced ; or the two points may be movable, and 
then, according to tlieir unequal movability, one of them will 
be displaced more than the other. 

This general principle can be applied to all oases of loco* 
motion ; it will be sufficient for us to notice that which is 
essential in all the types which we shall consider. 

The most natural classification seems to be that which is 
based on the nature of the point of resistance ; accordingly, we 
may distinguish three principal forms of locomotion — terrea* 
trial, aqxiatic, or airial. But in each of these forms, what a 
variety of mechanism we shall meet with ! 

If it be true that walking and creeping are the two 
principal types of terrestrial motion, that swimming ootre* 
spends with the more habitual mode of aquatic locomotion, 
and flight with aerial locomotion, it is not less true that in 
CMSrtain media many kinds of locomotion are employed. Thus, 
walking and creeping are used both on the earth and in the 
water; flight is habitually performed in the air, and yet 
certain birds take a decided flight in the water. 

In fact, if we were compelled to assign to every animal its 
particular type of locomotion, otir embarrassment would be 
as great as if w*e wore classifying these movements. Some, 
indeed, move with an equal facility on the earth, the water, 
and in the air. We will not therefore attempt a strictly 
methodical classification of the different modes of locomotion 
of which we are about to take a rapid survey. 

Terrcatriiil locomotion furnishes two principal types ; in one 
the effort consists in pressing on the ground in the direction 
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opposit6 to the intended movement; this is the more usual mod 
of locomotion 'vralking, running, leaping, belong to this first 
form. For this purpose the limbs serving for locomotion are 
composed of a series of rigid levers, susceptible of change in 
length ; they can be shortened by the angular flexion of the 
articulations, and they grow longer by being drawn up. If 
the leg when bent touches the ground at its extremity, and if 
a muscular effort be made to produce the extension of the 
limb, this can only be effected by removing to a greater dis- 
tance from each other the ground on which the extremity of 
the leg rests and the body of the animal which is united 
to the base of this limb ; the ground offers resistance, and the 
body, yielding to the impulse, is displaced. Sometimes the 
displacement in terrestrid locomotion is effected, not by a 
change in length, but by a simple change of the angle formed 
between the Hmb which causes tlie motion and the body of 
the animal. 

In the second type, namely creeping, a tractile effort is pro- 
duced ; the animal lays hold by a part of its body on an ex- 
,temal fixed point, and then drags the mass of its bulk towards 
this point. Let us take a snail, and place it on a piece of 
transparent glass ; at the end of a few moments the animal 
begins to crawl. “ If we turn the glass over, we shall see 
through the plate the details of its movements. Throughout 
all the length of its body appears a series of transverse bands, 
alternately pale and deeply coloured, opaque and transparent. 
These bands are transmitted by a continual motion, from the 
tail to the head of the animal ; they seem like the spirals of 
a screw which turns incessantly in the same direction. If we 
fix our attention on one of these bands in the neighbourhood 
of the tail, we see it pass towards the head, which it 
reaches in fifteen or twenty seconds, but it is followed by 
a continued series of bands which seem to spring up behind 
it as it advances. These bands remind us of the muscu- 
lar wave and its progress through a contracting fibre, only 
with greater dimensions* Each time that a wave arrives 
at the cephalic region of the animal, it disappears, producing a 
forward motion of the head, which slips a little on the surface 
of the glass and advances slightly without any retrogression. 
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It appeals that the cephalic region lays hold on &e fixed 
point towards which all the rest of the hody is dragged for- 
ward. In fact, in the posterior region on opposite phen(nne- 
non takes place ; each new hand which takes its rise there, is 
accompanied hy a backward motion of that region, which moves 
as if it were drawn by a longitudinal retraction of the con- 
tractile tissne. 

Other modes of creeping ate not less curious; that, for 
example, which takes place in the interior of a solid body ; 
as a worm, when it advances in the tabular cavity which it 
has hollowed out in the ground. The hinder part of the body, 
soft and extensible, is assuredly of much less size than the 
cavity of the hole iirom which we endeavour to pull it, and 
yet the worm resists the force of traction, and breaks rather 
than be drawn out This is because, within the ground, 
the anterior portion of the body, shortened but swollen, dilates 
within the passage, and finds there a solid point of resistance. 
If we let the worm go we shall see it rapidly shorten its 
body, and withdraw ^e rest of it into the ground, being 
dragged backward towards the anterior portion which has a 
firm hold on the soil. 

By the side of the action of creeping we may naturally 
place that otelimUag, in which the anterior limbs seek to lay 
hold of some elevated prqjeoiion, and as they boad raise the 
rest of the body of the animal. The hinder part then fixes 
itself in its new position, and the anterior lim1», thus set ftee, 
seek, higher up, a fresh resting place to moke a now efibrt. 
What diiferent types in these two modes of terrasirial locomo- 
tion ! The varieties are so great that we eon scarcely give 
an exact idea of them, except by describing the mode of pro- 
gression adopted by each particular animal. 

Locomotion in water presents a still greater diversity, In 
one case, we see a fish which strikes the water with the fiat 
of its tail i in another, a cuttle fish or a m^usa, which, com- 
pressing forcibly its pouch full of liquid, drives out the water 
in one direction and propels itself in a course directly opposite ; 
the samephenomsQon is produced when a moUuek closes rapidly 
the valves c$ its titeU, and projects itself in the direction opj^sed 
to the current of water wMrii it has produced, llte mm of 
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dragon-fliesexpelfrom their intestines avery strong jetof liquid, 
and acquire, by this means, a rapid and forcible impulse. 

The oar is found in many insects which move on the sur- 
face of the water. A contrivance is employed by other 
animals, which resembles the action of an oar xised at the 
stem of a boat in the process called smiling. To this 
latter motive power may be referred all those movements 
in which an inclined plane is displaced in the liquid, 
and finds in the resistance of the water, which it presses 
obliquely, two component forces, of which one furnishes a 
movement of propulsion. This mechanism will require some 
explanation; it will be found in its proper place, with all 
the developments which it affords. 

Amal locomotion. This mechanism is still the same ; the 
motion of an inclined plane, which causes motion through 
the air. The wing, in fact, in the insect os well as in 
the bird, strikes the air in an oblique manner, repels it in a 
certain direction, and gives the body a motion directly oppo- 
site* With the exception of certain birds which spread their 
wings to the wind, and which, hovering thus without any 
other effort than simply steering, have received the picturesque 
name of hovering or sailing birds (oisoaux voiliers), all 
animals move forward only by an effort exerted between two 
masses unequally movablo. It can be easily understood that 
if one of tlicHO points where tho force is applied is absolutely 
fixed, the other alone will receive without diminution 
motive work developed ; such is tho condition of terrestrial 
locomotion on soil perfectly solid. But we can understand 
also that tho softness of the grotmd constitutes a condition un- 
favourable to the utilization of the force employed, and that 
the extreme mobility both of the air and the water offer still 
less favourable conditions for swimming or flight. 

But this mobility of the point of resistance varies with tho 
rapidity of the movement; so that a certain stroke of the 
wing or the oar, which would be without effect if produced 
slowly, would become efficacious by its very rapidity. 

In different kinds of locomotion, the resistance which it 
is necessary to overcome in order to displace the body, does 
not vary less than that which serves as an external point of 
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resistance. This variability depends on many causes. Thus, 
different kinds of animals, when they move, have not to 
struggle with the same effort against their weight. The fish, 
which is of nearly the same specific gravity as w^ter, finds 
itself suspended in it without having to exert any force; 
and if it wishes to move in any direction, it has only to 
overcome the resistance of the fluid which it Is necessary 
to displace. The bird, on the contrary, if it desires to sus- 
tain itself in the air, must make an effort capable of 
neutralizing the action of its weight. If it moves forward 
at the same time, it must perform, in addition, the work 
which is consumed in overcoming the resistance of the air. 

Partition, of muscular force between the points of resistance and 
the mass of the body. When, in physiology, we seek to es- 
timate the work of a muscle, we fix it firmly by one of its 
attachments, and we ascertain the extent passed through 
by its movable extremity. If we know the weight which 
this muscle can raise as it contracts, and the extent through 
which that weight is raised, we have elements by which we 
can estimate the work effected. But these are almost ideal 
conditions, which axe scarcely ever found in terrestrial loco- 
motion; nor can we observe them in animals which move in 
the water, and more especially in those which fly through the 
air. Let us only compare the effort necessary to walk on a 
movable soil, on sandy dunes, for instance, with that required 
in walking on firm soil. We shall see that the mobility of 
the resisting surface presented by the sand destroys a part of 
the effort necessary for the contraction of our muscles; in 
other words, that a greater effort is necessary to produce the 
same useful work, when the point of resistance is not stable. 

This amount of work is easy to be understood, and even to 
be measured. 

When a man, while walking, places one of his feet on the 
ground, the corresponding leg, slightly bent, draws itself up, 
and pressing on the ground below, gives at the same time an 
upward impulse to the body. If the ground entirely resist 
this pressure, aU the movement produced will be in the 
direction of the trunk of the body, which will be raised 
to a certain height, three centimetres for example. But if 
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the ground sink two centimetres under the pressure of the 
foot, it is evident tliat the body will only be raised one 
centimetre, and the useful work will be diminished by two- 
thirds. 

The compression of the soil under the foot certainly con- 
stitutes work, according to the mechanical definition of this 
word. In fact, the soil, as it yields, offers a certain resist- 
ance. This resistance must be multiplied by the extent to- 
which the soil is indented, in order to ascertain the value of 
the work accomplished in this direction. But this work is- 
absolutely useless with respect to locomotion : it is an entire 
loss of the motive force expended. 

When a fish strikes the water with his tail, in order to 
drive himself forward, he executes a double work ; a part 
tends to drive behind him a certain mass of fiuid with a 
certain velocity, and the other to drive the animal forward in 
spite of the resistance of the surrounding water. This last 
work alone is utilized j it would be much more considerable 
if the tail of the animal met with a solid- point of resistance 
instead of the water v hich flies from before it. 

Is it possible to measure the diminution of useful work 
in locomotion, according to the greater or less mobility of the 
point of resistance ? 

If the ground on which we walk resist perfectly, it must he 
admitted that no part of the muscular work is lost; but in 
every case in which a displacement of the resisting surface 
exists at the same time as that of the body, it is necessary to 
determine the law according to which this partition is made. 
A principle established by Newton regulates the science of 
mechanics ; this is that action and re-action are equal. 
Does this mean, in the case before us, that half of the work 
is expended on the resisting surface, and the other half on 
the displacement of the body of the animal ? This cannot bo 
true, if we may judge by the many cases in which a force acts 
on two bodies at the same time. 

Thus, in the science of projectiles, the motive force of the 
powder — that is to say, the pressure of the gases which are 
disengaged in the cannon, acts at the same time on the pro- 
jectile and on the piece, giving these masses a velocity irt 
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opposite directions. Thus, the momentum (M.V.) is equally 
divided between the two projectiles, so that the mass of the 
oeuanon and of its carriage, multiplied by the velociiy of the 
recoil which is communicated to it, is equal to the mass of 
the projectile multiplied by the velocity of propulsion which 
it receives. As the cannon weighs much more than the ball, 
the velociiy of its recoil is much less than that communi- 
cated to the projectlLe. 

As to the xoorh developed by the powder against the cannon 
and against the ball, it is divided vexy unequally between 
these two masses. 

In fact, the work produced by an active force being pro- 
portional to the square of the velociiy of the mass in motion 
(its formula is 2 ^), calculation shows that this work, when 
the piece weighs 800 times more than the ball, would be 800 
times greater for the ball than for the cannon. 

We shall return to these questions, when in considering the 
particular kinds of animal motion, we enter on the investiga- 
tion of human locomotion. 


CHAPTER n. 

TERRESTRIAL LOCOMOTION (BIPEDS)* 

Choice of certain typos in order to study terrestrial locomotion— Human 
locomotion— Walking— Pressure exerted on the ground, its duration 
and intensity— Re-aotions on tlie body during walking— Graphic 
method of studying them— Vertical oscillations of tho body— 
Horizontal oscillations— Attempt to represent the trajectory of the 
pubis— Forward raovemont of the body— InctjuaUtics of its velocity 
during the time occupied by a pace. 

ACT or WAX-KINC IN MAN. 

The types of terrestrial locomotion are so various that we 
must, for a time at least, confine ourselves to the study of the 
most important among them. For locomotion among bipeds 
we will take as a type that of man. The horse will be chosen 
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as most important lepteseatatiTe of the method of walking 
adopted by quadrupedsi As to other animals, they will be 
studied in an accessory manner, and espedally with reference 
to the resemblances and differences'which the modes of their 
locomotion present when compared with the types which we 
have chosen. 

Many authors have already treated On this subject; &om 
the time of BoreUi to that of modem physiologists, science 
has slowly advanced : it seems to us that it can now resolve 
all obscure questions, and determine them definitely, by the 
employment of the graphic method. 

WMe observation employed alone fhmishes only incom- 
plete and sometimes &lse date, the graphic method carries its 
precision into the analyds of the very complex movements 
concerned in locomotion.. ■ “We shall see, when we treat of the 
pam of the horse, .tiiat the disagreement we find among 
writers on tins subject shows deavfy the insufficiency of the 
methods hitherto employed. 

Human locomotion, though mncih more Mmple in its mechan- 
ism, is still very difficult to analyse ; the works of the two 
Webers, though considered as the deepest investigation of 
human locomotion that have yet been made, show many 
omissions and some- errors. . 

The most simple and usual, pace ia miking, whitffi, aooorffing 
to the received definition, consists in that mode koomotion 
in which tfu body never quUe the yremi. In naming and 
leaping, on the contrary, we shall see that the body is en- 
tire raised above the ground, and remains soqiended during 
a certain time. 

In walking, the weight o£ the body passes fdteniaitely from 
one leg to the other, and as each of these limbs places itself 
in turn before the other, the body is thus oontimmly carried 
forward. This action appears very mmplo at first sight, but 
its oomplexily is soon observed when we seek to ascertain 
w'hat are the movements wMoh concur in producing this 
motion. 

Wo see, in &ot, that ea<h. movement of the limbs brings 
under consideration a phase of impact and one of support in 
each of these; the different arti(^ations bond and extoad 
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alternately^ while the musdes of the leg and the thigh, which 
produce Ihese moTements, paes through alternations of con- 
traction and relaxation. 

The intensity of the pressure of the feet on the ground 
varies with the rapidity of walking and with the length of the 
step. Besides this, the body passes through periodical oscil- 
lations, the re-action of the impact of each foot on the ground; 
and the different parts of the body are subject to this re-action 
in various degrees. These oscillations are produced in diffe- 
rent directions ; some are vertical, others horizontal, so that 
the trajectory which follows any point of a body is a very 
complex curve. In addition to this, the body is indined and 
drawn up again at each movement of one of the legs ; it 
revolves as on a pivot round the coxo-femoral articulation, at the 
same time that it is slightly bent following the axis of the 
vertebral column; and, under the action of the lumbar musdes, 
the pelvis moves and oscillates with a sort of rolling motion. 
At the some time the anterior limbs, exerting an alternate 
balancing power, lessen the mSluenoes which, at eadi instant, 
tend to cause the body to deviate from the straight course 
which it strives to maintain. 

All these acts have been analysed with much sagacity by 
one of our pupils. Mens. G. Carlet,* from whom we quote some 
of the results which he has obtained. 

The motive force developed in walking, its pressure on the 
ground in one direction, and its propelling effects on the mass 
of the body on the other hand, are the toee elements which 
will at first occupy our attention. 

Motive force. This is found in the action of the exterior 
musdes of the thigh, the leg, and the foot. The lower limb 
forms, as a whole, a broken column, whose angles are rounded 
off, and whose return to the perpendicular is effected by pres- 
sure on the ground below, and on the body above. This is all 
that we can say on this head, which, if treated more at length, 
would require considerable amplif cations. 

Presdure on the ground. This pressure, equal, as we have 
before seen, to that in the opposite direction, whidx tends to 
impel the body forward, must be studied in its duration, it» 
♦ 0. Carlot, fitude de la Marcho. Annalcs dcs Sciences natiirellcH, 1872* 
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phases, and its intensity. The registering apparatus enables us 
to do this perfectly ; an experimental instrument placed under 
the sole of the foot is connected with a lever which gives the 
signals of the impact and of the rising of the foot, as well as 
the expression of the force with which the foot is pressed upon 
the ground. We call this first instrument the experimental 
shoe, which may be thus described : — 

Under the sole of an ordinary shoe is fixed with heated 
gutta percha a strong sole of india-rubber 1 centim., 
in thickness. Within this sole there is an air chamber, 
which in fig. 19 is represented by dotted lines. 



Fxo. 10,— KxiKjrimoiitiil shoo, intondod to show tbo prossiiro of tho fotifc 
ou tho ground, with its duration and its phuaus. 

Tills chamber, having upon it a small piece of projectiiicr 
^wood, is compressed at the moment that tho foot exerts its 
pressure on the ground. The air expelled from this cavit3^ 
escapes by a tube into a drum mth a lex'cr attached, whit li 
registers the duration and the phases of tho proasuro of 
tlie foot. 

Let us suppose that the experimenter is provided on both 
feet with similar shoes, and that he walks at a regular parjo 
round a table which supports the registering apparatus ; we 
shall then understand the arrangement of the experiment. 

The registering instruments employed are already known to 
tho reader; they resemble in all points those wdiicli have 
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served for the investigatioii of the muscular wave (fig. 7> 
page S?). If "we substitute in this figure an experimental 
shoe for each of the myographical dips 1 and 2, we shall 
have the arrangement of the apparatus necessary for the study 
ot footsteps or impacts of the foot on the ground. 

Fig. 20 has been furnished by an experiment in walhing- 
Two tracings are given by the intermittent pressure of tlio 
feet on the ground. The full line D corresponds with tlio 
right foot ; the dotted line with the left. 



1*10. 20.— Ti*ttdng8 of the Impact and tho risoof the two foot in our ordinary walk. 


Knowing the arrangement of the apparatus, we can under- 
stand that eadi impact of I9ie foot on the groiind will bo 
r^resented by the elevated part of the corresponding ourvo. t 
In fact, tho pressure of the foot on the ground compresses tho 
india-rubber sole and diminishes the capacity of the induded 
air-chamber. A part of the contained air escapes by the con- 
necting tube, and passes into the registering drum. 

We see in fig. 20 that the pressure of the right foot, for 
instance, commences at the moment when that of the let% 
begins to decrease \ and that in all the tracings there is an 
alternation bets^een the impacts of the two feet. The period « 
of support of each foot is shown by a horisontal line which 
joins minima of two successive curves. 

The impacts of the right and left feet have the same dura- 
tion, so that the weight of the body passes alternately from 
one foot to the other. It would not be the same with respect 
to a lame person ; lameness corresponds essentially with the 
inequality of the impacts of the two feet. 

There is always a very short period during which the body 
is partially supported by one &ot, but when it already be- 
gins to rest on the other; this’ time is scarcely equal to the 
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sixth, part of the dixration of a single impact or pressure of 
the foot. 

Intensity of the pressure of the foot vpon the yrozind.-^Tlie 
curves traced by walking may also furnish the measure of the 
effort exerted by the foot upon the ground. The experimental 
shoes constitute a kind of dynameter of pressure ; they com- 
press the drum, less or more, according to the effort they 
exert ; and consequently they transmit to the registering lever 
more or less extensive movements. In order to estimate, 
according to the elevation of the curve, the pressure exerted 
by the foot, wo must substitute for the •weight of the body a 
certain number of kilogrammes. We seo thus that, if the 
weight of the body (75 kilogrammes, for example) is sufficient 
to raise the lever to the height w^hich it attains at the com- 
mencement of each curve, an additional weight w^ill be required 
to raise it to the maximum 'elevation which it attains towards 
the end of its period of pressure. 

That proves that, in walking, the pressure of the foot on 
the ground is not only equal to the weight of the body which 
the foot has to sustain, but that a greater effort is produced at 
a given moment in order to give the body the movements of 
elevation and progression which we have just been studying. 

According to Mens. Carlot, this additional effort is not more 
than 20 kilogrammes, even in rapid walking, but it is much 
greater in running and leaping. 

Reactions . — ^Wo shall designate by this name the movements 
which the action of the log produces on the mass of the body. 
Those movements are very complex? they are effected at the 
same time in every direction, and give to the trajectory 
which a point of the body describes in space, some very com- 
l>Hcated sinuosities. The graphic method alone can enable 
ns, at least as yet, to appreciate the real nature of these 
movements. 

In the first place, what point of the body shall we choose 
in order to observe the displacement caused by the act of 
walking? Almost all authors have talcen for this purpose the 
centre of yraviiy, the point which Borelli places inter nates et 
pnlinu But if we reflect that the centre of gravity changer 
as soon as the body moves, that in the flexion of the legs thii 
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centre rises, that it is altered if we raise our arms, that, in 
fact, it describes within the interior of the body all sorts of 
moTOments, as soon as we cease to be motionless, it is easy 
to understand that it will be impossible to refer to this 
ideal and movable point, the reactionary movements produced 
by the pressure of the feet upon the ground. It will be 
better to choose a determinate part of the trunk of the body, 
the pubis, for example, in order to study its movements in the 
act of walking. 



Fio. Sl.-Tran8miMl<m of an osoiUatory mOTomont to too' ro({l»tcrlag npparotua. 


The instrument which we have already employed will be 
applicable to the study of these displacements. 

Let there be tu'o Uver drums, united by a long tube T T T. 
Let a vertical osciUary movement be given to ono of these 
levers, so as, for example, to carry the lover L downwards 
into 'the position indicated by the dotted line, the other lever 
will be displaced in the opposite direction, and will assume the 
position also shown by the dotted line near it. Under theso 
conditions the lowering of one lever oorresponds with the ele- 
vation of the other, since the compression of tho air in one of 
the drums must lead to its expansion in the other. If wo 
wish to obtain from the two parts of the apparatus indications 
in the same direction, it would be necessary to turn one of 
the drums, so as to place its lever downwards. 

Yertieal oscillations qf the lady . — Let us suppose that one of 
these levers traces a curve on the registering apparatus, while 
the other rests, by its point, on the pubis of a man who is 
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walking; all the vertical oscillations of the pubis will be 
registered. 

But, in order that the experimental lever maj receive and 
transmit faithfully the vertical oscillations which the pubis 
executes during the act of walking, the drum itself must be 
protected from these oscillations. For this purpose an instru- 
ment has been invented, composed of two horizontal arms, 
which turn on a centre. These arms can move only in a hori- 
zontal plane, situated at the height of the pubis of the person 
under experiment ; to one of these arms is fixed the experi- 
mental lever drum. 



Fm. 82.— The unp^r cams, <mo In full li»e« the other dotted, reproeont 
the phfww of the Ixnpiiet and of tUo rlao of the riubt and loft foot. ItoarlliiK 
the n^pxre frtjm loft to right, cutoh Hnoofthe ettrvo donotee the (!otiuiiono<^- 
ment of nreeunre: the tipiwr horiamhil part corroBpondH with the dura- 
tion of the proHBtxrts and the deiw^nt with the rwe of the foot. I'hci 
lower borlaontal |«irt of the ourve Indicates that the correHpoiwlIng foot 
ia in the air, O F*>. Owillatlona of the pxihla from aVmve duwnwunlM, 
that 1« vertically, O Vk OucllhitionH la a lateral direction, or ht»ri- 
r.<»ntRlly. It i« evident tlxat two oncillathaxa in the vortical directhux 
curref*S)Otal with a tingle hurlKoutul gecillation. 

The person who walks, follows during this time a circular 
path, pushing before him the arm of the instrument, to which 
is fixed the apparatus which is to experiment on the vertical 
oscillations of the pubis. We get thus the tracing repre 
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seated by the line 0 Pv (fig. 22). It is seen that the pubis 
rises at the middle of the pressure exerted by each foot, and 
fli-nTcfl at the instant when the weight of the body passes from 
one foot to the other. 

The real amplitude of these oscillations is about 14 millixn., 
•55 in. according to Mons. Carlet, This movement, however, 
varies with the length of the step ; it increases with it, but 
this increase does not depend on the maxima of the curve 
being more elevated, but on its minima being lower. 

’ We may explain these phenomena very easily. When the 
body is about to g.uit the support of one leg, this limb is in 
an inclined position, and the result of its obliquify is that its 
superior extremity which sustains the trunk is at a less height. 
The other leg, which reaches the ground at this instant, is 
slightly bent ; it will soon draw its^ up, and thus raise tlie 
body which is supported by it; but in this movement, the 
leg describes the arc of a oirde around the foot resting on the 
ground; therefore, in the series of successive positions which 
it occupies, the body rises more and more as the leg which 
supports it approaches the vertioal position; it sinks again as 
the leg becomes oblique. 

We can easily perceive that the length of the step lowers 
the trunk, by increasing the obliquity of the legs. Indeed, 
the constant character found in the maxima of the vertical 
oscillations ^ explained by this fact, that the leg, when ex* 
tended and verti^, constitutes necessai^Uy a constant height 
— ^that which answers to the maximum of the elevation of the 
body. 

lionzontal cacillations of the hodij . — ^Tho pubis, since that is 
the point whose displacement 'wa axe now studying, is carried 
alternately from left to right, and from right to left, at the 
same time as it moves vertically. In order to register these 
movements, we make use of a lever-drum arranged in such a 
manner that tlie membrane is forced inwards and outwards 
alternately by the lateral movements which are given to the 
lever. During this time the registering lever, connected with 
it by means of the tube, oscillates vertically, in which direc- 
tion alone tracings can be made on the cylinder. If, in the 
curve which is traced, the elevation corresponds with a trans* 
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ferenoe of ilio pubis towards ihe right, fho dopzession vill 
e:^ress a deviatiou of this point to\rards the left. 

The experiment gives the curve O P /» (fig. 22) for the 
tracing of the horizontal oscillations. It is first to be ob- 
served that the number of these oscillations is only half that 
of those vrhich take place in the vertical direction ; so 
the body is carried towards the right side at the moment of 
the maximum of elevation, which corresponds with the middle 
of the pressure on the right foot, and towards the loft at the 
middle of the pressure on the left foot. This lateral sway- 
ing of the trunk is the consequence of the alternate passage 
of the body into a position sensibly vertical over each foot. 

If W'e would give an idea of the true trajectory of the pubis 
under tlie influence of these two orders of osni llatioos com- 
bined with forward movement, we must construct a solid 
figure. With an iron wire bent in different directions, we 
may illustrate very clearly this trajectory. Fig. 23 is intended 
to represent the periq>ectivo view of to twisted iron wire ; 
but we can scarcely expect the readme to comprehend dearly 
this mode of representation. 



Fio* 2R.— 'Attempt to tihuitrutc, 1iy tnonno of a motnllio wire, tho (JnnotH 
trajoctory imiutod tlinnigh liy tho piibU. To midomtanfi tho nkotch of 
thio Huliu ngttro, wo lututt tho wlro t<i Ito cIoho to tho oliMorvor 

at Ita loft Imud oxtromity, whilo It miutvod from him at tho right ox* 
troiiiity. Tho omitlltiMio of tho omoUIatiouK haa hooii groaUy oxaggcratoil 
to rouaur thorn more intolUglhlo. 


in short, according to the formula of Mous. Carlot, the 
tr^ectory of tho pul^ may bo inscribed in a hollow holf- 
qyliader, with its concave porUon upwards, at the base of 
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pressure to wliich the experimental shoe is subjected (Bg* 19), 
and the other^ ten vibrations per second furnished by a chrono* 
graphic tuning-fork of large size* 



Fki. 20.»AlttrK» tiinin^T'fttrk whfuw irilYmtlmvi m ivduoaa ’bysMisis of 
ioail to 10 iwr Mvowi, on th« fttgintarinir Sover dnim, ^ sn f sport- 
xDunttil drum nttAohod to imo itn farttuoboo. Tltl» alno.iimolm nt Uio 
fuufno tlmoi by o tulM wItU two lwmuh«o, iho Infiuonoo both of tboimimct 
md ri$lug of tbo foot of ttio poniott wbo wolki. 


Fig. 20 rIiows hov tiieae instrument* are arrangeA. It is 
seen that the drum wiU bo affected by the double influence 
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of the diaaxgos in the pressure of the foot on the ground^ and 
of the vibrations of ihe tuning-fork; and this produces in a 
single tracing the interference of two movements, giving at 
the same time the notion of the space traversed, and that of 
the time employed in passing over it. 

In order to analyse this tracing, let us consider only, in the 
first place, the sinuous curve which obeys at the same time 
the tuning-fork, and the erperimental shoe on the right foot ; 
and in this curve let us only es:amine the elevated part — ^that 
which correi^onds with the pressure of the foot upon the 
ground. We see that, during the duration of this pressure, 
the stylo has passed through a space on the cylinder measuring 
about 2 centimetres ; therefore, as the displacement of the style 
is fifty times less than that of the person walking, he will have 
advanced about one metre during the pressure of one foot But 
while he traversed this metre, he did not advance with an 
uniform velocity; in feet, during the first half of this distance, 
the tuning-fork made about four vibrations, whilst in the 
second, it has scarcely made two and a half. Thus the foot 
which presses the ground with a force increasing from the 
commencement to tho end of its impact, gives the body an 
impulse whose velocity equally increases. 

During the rise of tho foot, the lino traced by the tuning- 
fork indicates also that the body of the person walking 
progresses witli an accelerated motion. That is easily under- 
stood if we romomber that, in waBdng, the rise of one foot 
corresponds exactly witli the tread of Ihe other. It is, there- 
fore, tho impact of tho left foot on the ground which gives the 
body of tho walking person an accelerated motion, which is 
observed during Iho rise of the right foot. 

This method appears to us applicable to all cases in which 
it is necessary to measure tiie relative durations of different 
phases of movement. 

The inequality in tho speed of the man who walks brings 
with it an important consequence. When a man drags a 
load, the efibrt which he makes cannot be constant ; at each 
foot-fall a redoubled energy is produced in the traction that is 
developed, and as this increase of effort has but a very short 
duration, a series of shocks, as we may call them, occurs at 
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each instant. But we know that these shocks are very un- 
fevourable to the full utilization of mechanical force; we have 
Q.r piair'Ofl (page 49) the inconvenience which w'oald arise 
from them in the work of living motive agents, and the 
mariTiftr in which these shocks are lessened hy the elasticity 
of muscular fibre. 

Under the conditions in which a man dragging a load is 
placed, if he is attached by a rigid strap to the mass which 
he has to draw, the shocks of which we have spoken will !« 
produced, and he will feel their reaction on his shoulders. In 
order to avoid these painful jerks, anil to utilize more fully 
the effort which he makes, wo have place«l between the car- 
riage and the traction strop an interinodiate elastic jiortion, 
the effect of which has answerofl our expectations. 

We are endeavouring to construct analogous contrivances, 
which may lie adapted to tho traces of orrlinary carring(<.s, so 
as to lessen tho violence of tho prossuro on tho collar, and to 
utilize more fully the strength of tho horse. 


OIIAPTKU III. 

THE DIFFERENT MODt» OF 1*R<M3KK.S.HI0N n.<)ED UV MAN. 

Dcscriiition of the tippsottus for Uic iiiir[iOM> of HtatlyiiiK tho tariouinutth's 
of progTcssiim UMoii hy man — I’urtnlilc rcgiHU'itiig ii|i|Nitaliiit—Kjt|iin. 
mental apparatus fur vortical rcNcltotts— \V'a!kiaK~l{Hniiin;4— 0.i!l«p 
—Lvapittg mt two fmt nisi liopping nti oaO’-Nututinn of tlsNC vaiiitits 
mrthods— Definlthm of a in say of tliow kinds of Ineomotiou 
^Synthetic repruductiou nf tlui vsriuus niwhs of poigresHtuii. 

The princiiial modes of progression employed aniniuls, 
ere walking, wliich we have already described at some lengUt 
as far as it relates to man, rmning at diffment rates of siieed, 
tbs gallop, and Uaping on one or two feet. 

The act of walkiug varies according to the nature or toe 
slope of the ground ; we shall have to treat of these different 
influences. 

In this new study it !a no longer poaeible to employ toe 
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Apparatus wMch wa liava used in our prarlous researclies. 
The circular and horizontal track on which the experimenter 
was obliged to walk must be exchanged for surfaces of every 
kind and of every slope. 

If the new instruments to which we must have recourse 
leave the experimenter more liberty in his movements, they 
are, on the other hand, relatively less complete as to the indi- 
cations which th^ furnish ; therefore, we can only require 
from them two kinds of indications ; those of the pressures of 
the feet on the ground, and those of the vertical re-actions 
which are communicated to the body by these pressures. 

Fig. 27 chows a runner furnished with apparatus of the 
new construction. He wears the experimental shoes which 
we have already described, and holds in his hand a portable 
registering instrument, on which are traced the curves produced 
by the pressure of his feet. As the cylinder of this instru- 
ment turns uniformly, the curves will be registered in propor- 
tion to the time, and not to the space traversed during each 
of the acts by which this curve is traced. 

In order to facilitate the experiment, and to allow the 
apparatus to assume a uniform motion before it traces on the 
paper, we have recourse to a special expedient. The points 
of the tracing levers do not touch the cylinder ; but in order 
to bring them in contact with the paper, an india-rubber ball 
must be compressed. As soon as this compression ceases, the 
points retreat from the cylinder, and the tracing is no longer 
produced. In fig, 27 the runner holds this ball in his left 
hand, and compre.ssos it with his thumb. 

In addition to this, the runner, in order to obtain tho 
tracings of tho vertical re-acstions, carries on his head an 
instrument whose arrangement is represented in fig. 28. 

It is an erperimental leter-drum fixed on a piece of wood, 
which is fastened witli moulding wax on tho head of the ex- 
perimenter, as Boon itt fig, 27. The drum is provided with 
a piece of lead placed at the extremity of its lover ; this moss 
acts by its inertia. 

While the body oscillates vertically, llie mass of load resists 
these movements, and causes tho mombrano of the drum to 
sink when the body rises, and to rise when tlio body descends, 



126 


animal msohanism* 



MODES OP PEOaRESSION USED BY MAK. 127 


Piom these aliernatd actions a current of air results, which, 
ransmitted by a tube to a registering lever, shows by a curve 
the oscillatory movements of the body. 



Tin. 2S. —Instrument to register the vertical rc actions tlumig tliovTa-ious p ices. 

We will not enter into the details of the experiments which 
have served to verify the exactitude of the tracings thus 
obtained ; tliey consisted in adjusting the weight of the disn 
of lead and the elasticity of the membrane of the drum, 
imtil the movements given to the apparatus are faithfully 
rq)resented in the tracing. 

We will call step-ciirm eacn of the curves formed by the 
pressure of a foot upon the ground, and we will designate by 
the name of ascending or descending oscillations, the ciurve of 
tlio vertical re-actions on ilte body. 

1. C(f Kalkinff . — Wo have already i)ointe<l out the <U8tinc- 
tive character of walking considered as one of the modes of 
progression in man. Wo have suul that the bo<Iy, in walking, 
never leaves the ground, and that the footsteps follow each 
ether without any interval, so that the weight of the body 
passes alternately from one foot to the otlter. 

ButCtis definition cannot apply to walking on an inclined 
mrfkoe, on yielding soil, or upstairs. Being obliged to pass 
rapidly over those pecidiar conditions of walking, we will only 
give the tracing which corresponds with the net of mounting 
a staircase (fig. 29). 

It is to be remarked that the tUp-eurves cncroncli on each 
ither, showing that each foot is still pressing on the ground, 
when the other has already planted itself on the next step. 
Besides this, it is at the time of this double pressure tiiut 
the lower foot exerts its maximum force $ it is at this moment, 
in fact, that the work is produced which raises the body to 
the whole height of a step. 



128 


ANIMAL MECHAKIRM. 


Nothing like this is observed ia the descent of a staiwoae ; 
the step-curves cease to encroach on each other, and succeed 
other very nearly as in ordinary walking on level 
ground. 



Fm. 29 — Tmolnff prodiicfld by wnlklnir tijwtrtirw T>. tmc-*!!!? of tho proHHiiro 
andrlao of the right foot (full llnoit <1. tnudiigof tlio luft <«lrMt4Nl 
line). It te eeen that the curves by tim fmtt rtuTrutt'ii duo «>» f ! m» 

other, and that the maxima of the proieurva of ttio foot eurroeiwjiKl with 
the end of the pressuroM. 

2, Of running . — ^Tliis mode of progression, mow rapid 
than weeing, consists, like it, in alternate treads of the two 
£set, whose stoxi-curves follow each other at ei|uat intervals ; 
but it presents this difference, tltat in running, the Iwly 
leaves the ground for an instant at em-h step. 

Accordingly, os running in more or lean rapid, different 
names are given to it; those of t!in ggmimtic mnrek and the 
trot present no utility in a physiological point of view ; they 
correspond, with but slight variations, to running at various 
degrees of siteed. To ascertain the princijail characters of 
this mode of progression, it is only necessary to annlyso 
hg. 30. 



The pressures of the feet aro more energetic than in 
walking; in fa^ they not only sustain the weight of &e 
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body, but impel it with a certain qteed both upwards and 
forwards. It is hnown that to ^ve a mass a risings motion, 
a greater effort must be exerted than would be sufficient 
simply to sustain it. 

The duration of the pressures on the ground is less in 
■walking j this brevity is proportional to the energy with 
which the feet tread on the ground. These two elements, 
force and brevity of pressure, increase generally with the 
speed at which a person runs. The frequency of the foot- 
falls increases also with the speed of the runner ; but nwnng 
the various kinds of rimning, there are some in which the 
extent of space passed over in a given time depends rather 
on the extent of each pace than on their number. 

The essential character of running is, as we have said, the 
time of smpenaion during which the body remains in the air 
between two foot-falls. Pig. 80 clearly sho'ws the suspension, by 
the interval which separates the descent of the curves of the 
right foot from the ascent of the curves of the left foot, and 
vice vend. The duration of this time of suspension seems to 
vary but little in an absolute manner ; but if we compare t. 
•(rith the speed of a runner, ■we see that the relative time 
occupied by this suspension increases with the speed of the 
course, for the duration of each tread diminislies in proportion 
to this speed. 

How is this suspension of the body at each impulse of the 
feet produced ? We might think, on first consideration, that 
it is the effect of a kind of leap, in which tho body is pro- 
jected upwards in so violent a manner by the impulse of the 
feet, that it would dosoribe in the ait a curve, in the midst of 
which it would attain its maximum elevation from the ground. 
In order to convince ourselves that such is not the case, let us 
make use of tho apparatus which registers the re-actions or 
vertical oscillations of the body. 

In fig. 30 is seen (upper line 0) the tracing of oscillations 
in running. This traoo shows us that tho body executes oaoli 
of its vertical elevations during the downward preseure of tho 
foot, so that it begins to rise os soon as the foot touches tho 
ground 5 it attains its maximum elevation at tlie middle of tho 
pressure of this foot, and begins to descend again, in order to 

s 
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reaoli its minimum, at the moment when one foot has just 
risen, and before tlie other has reached the ground. 

This relation of the vertical oscillations to the pressure 
of the feet shows plainly that the time of suspension does not 
depend on the fact that the body, projected into the air, has 
left the ground, but that the le//s hare withdrawn from thr 
ground by the effect of their flexion ; and this takes place at 
the very moment when tlie body was at its greatest elevation. 

We shall have again to recur to tlioso phononieua wheu wo 
come to speak of tho p!ifC‘=< uf the* hoi*;-o, in ^\hi(•h u similar 
suspension of tho body oxi-ts, and wliich are called on that 
account elevated peaces. 

The influence of the different inclinations of the ground 
acts in nearly the same mannei* in running as in wolking, 
with this difference, that in running, their cffocts arc gonorally 
greater. 

3. Of the gallop . — In the niodos of progression described 
hitherto, tho movement of tho limbs is regularly alternate, no 
that the succession of stq}s is made at equal intervals. 
These are the normal kinds of human locomotion ; but man 
can imitate, to a certain extent, by tho movements of his feet, 
those periodically irregular cadences wdiich are produced by n 
horse when ho gallops. Children, in thoir amusoinents, oftou 
imitate this mode of locomotion, when they plag at horses* 
This abnormal kind of nioiion is uf no intorest, except to 
explain the mechanihui of the gallop In quadrupeds, 

By registering together tho stop-oiirves and the ro-actions, 
it is seen (fig. 31) that tlie foot placod behind is tho first 
which roachoB tho ground; that it exerts an energetic and 
prolongeil pressure, towards the end of which the foot in front 
touches' the gimmd in its turn, but during a shorter tinio ; 
after which thoro is a coiisidorable period of suspousion. 
Thus, there is a moment when tho two feet are in the air. 

In this mode of progi'ession, tho redactions ore similar in 
character, in some respects, to tho pressures. In fact, a long 
re-action (line 0) is iwoducod, in which w'o recognise tho 
iuterferenco of two vertical oscillations, the second of W'hiolx 
commencos before the first 1ms finished, After this re-aotxon 
there is observed a lowering of tho ctuvo, W'hose minimum 
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corresponds with the moment when the two feet are in 
the air. 



Fw. Ml.— Mim pfttlloping with tho rii^bt fot>t timt Step curves uin* lo- 
iictionrt. Thoro in an oncroat!biin‘nfc ut ono cnr\Q ovnr tho other, .iiui t Jt' it 
ftsiwnunaion of tho Iwfly. rite curvo O, wiiiuli tsimMiwnids witli tho 
ro-o^ioiia, shows the oituot of tho two hiu*cuhii1vo iiiipul .ui ovurtod on 
the body by ttio foot. 

4. 0/ leaping , — Although leaping is not a suatained mod© 
of progression in human locomotion, wo will sny a fow words 
about it, in order to comidoto tlie scries of the movements 
which man is ahle to execute. 

Tho two feet hoing joined together, wo can make a series 
of leaps, and advance thus, by imitating tho mode of locomo- 
tion of some birds, or of certain quadrupeds, as the kangaroo. 



The apparatus intended to illustrate tho vertical oscillutioni 
of tlm body, being placed on tho head of tlio experimenter 
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ve get three tracings at once ; those of the pressures of the two 
feetfand that of the re-actions; those furnish fig. S2. 

We see here that the maxima of the curve of re-artioii.s 
(line R) coincide with the pressures. Thus, by their united 
energy, the two legs raise the body, aud then let it foil again at 
the moment when they bend and prepare to act afresh. 

Hopping on one foot gives tho tracings (fig, :i») which 
only consist in the pressure and rise of a singlu foot. Ti»o 
elevations of tho body coincide with tho stop-curves lu fact, 
when the speed of the leap is lessened, it is prolonged more 
especially at the period of tlie prossuro of the fiwt on the 
ground, that of suspension remaining very nearly constant. 



Fio NuritH <»f OH rUht ‘Ihtt r>f 

of HtiHiK'fiHum miiiutiH i'tiiiHtiuit, Hveu ulivu (Uiitiit tUu itrmuro 

of tliu tool vjirit'M, 


la certain Hpecies of uiihimlB, nuemsHivn ImijiH 
the ordinary inodo <tf locomotion ; it will Ih! iotoroMtinj^; ti> 
study hy tho graphic method tUo \*«rkius piu‘«?» of tht»Ho 
animals* 

NOTATIOK Of-’ IIHYTIIM tS lUrf’Elir.NT MOItflS OP 

Among tlio charn«*tf*rH of viiriritiM mfttlpH of progrosslon, it 
is the rhythm <*f the itnjmrt of tho foot which 1« i1h* iiosst 
striking* Tho strokes t>f Iho loot u|um tho grootitl givo riso 
to sounds, the ordor of whoso HuewHaum i« 8ulio*iont ji»r u per- 
son with nn oar ncrnistoiniMl to thtoii to rocogoi.so Iho kintl (»l* 
pace which originaleH thorn* Wo will, thoroforo, ondoav^ur 
to estahlish tho {ilassilicafiou r^f the various pticoH hy uttemliog 
to this order of Kut'CCMHion, 

In order to give tho ilgiiro of ewh of those rhythtnH, wo shall 
employ tho musical notation, mndiliod so us to furnish at tho 
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same time the notion of the duration of each pressure, that of 
the foot to which this pressure belongs, and also the length of 
time during which the body is suspended. This notation of 
rhythms is constructed in a very simple maimer from the 
tracings furnished by the apparatus. 



FiO Hi, 


Let us return (fig. 34) to the curve which corresponds with 
the act of running in man. Below this figure let us draw 
two horizontal lines — 1 and 2 ; these will form the staff on 
which will be written this simple music, consisting only of 
two notes, which we shall call right foot, left foot. From the 
commencement of tlie ascending part of one step-curve be- 
longing to the right foot, let us let fall upon the staff a per- 
pendicular (a) ; tins line will determine the commencement of 
the pressure of the right foot. A perpendicular (ft) let fall 
firom the end of the curve will determine where the pressure 
of this foot ends. Between these two points, let us trace a 
l>road white lino ; it will express, by its length, the duration 
of the pressure of the right foot. 

A similar construction made on the step-curve (No. 1) will 
give the notation of the pressure of tlie loft foot. The nota- 
tions of the left foot have been shaded with oblique lines to 
avoid all confusion. 

Between the pressure of the two feet there is found to hosilence 
in the rhythm ; that is to say, the expression of tliat instant 
of the course when the body is eusi)ettded above the ground. 
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If we note in this manner the rhythms of all the paces used 
by man, we shall obtain a synoptical table which will much 
facilitate the comparison of these varied rhythms. Fig. 25 
represents the synoptical notation of the four kinds of progres- 
sion, or paces, which are regularly rhythmical, and in which 
the two feet act alternately. 

Line 1 represents the notation of tJie rhythm of the walking 
pace. This is the principle of the representation. 

The pressure of the right foot on the ground is represented 
by a thick white stroke,*^ sort* of rectangle, the length of 
which corresponds with the duration of that pressi;re. . For 
the left foot there is a greyish rectangle shaded with oblique 
lines. t : . 

These alternations of grey and white express, by their suc- 
cession, that in walking the pressure of one foot succeeds the 
other without allowing any interval between the two. 



Fio. S5.>-S7rkoptloal notation of tho four kinds of progression used by mim. 


Line 2 is the notation which corresponds with the ascent of 
a staircase. It is seen, agreeably with what has been already 
explained (fig. 29), that the step-curves encroach on each 
other, and that, consequently, the 'body during an instant rests 
on both feet at once. 

Line 3 corresponds with the rhythm of nmninr/. After a 
shorter step-curve of the right foot than in the walking pace, 
an interval is seen which corresponds with the suspension of 
the body; then a short impulse of the left foot, followed by a 
fresh suspension, and so on continually. 

Line 4 answei’s to a more rapid rate of rmning. We find in 
it a shorter duration of the pressures, a longer time of the 
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STispension of the tody, and a more rapid suecesaioa of the 
various movements 



Fia 86.— Notations of tlio gallop. 1. Loft gallop. 2 Pilglit gallop. 


Fig. 36 is the notation of the gaUop of chilclrm^ a mode of 
progression in ^hich both the feet do not move in the same 
manner. In thisfigmre, line 1 represents the left gallop — that 
is, with the left foot always forward. It is seen that the right 
foot presses on the ground first; then the left falls and touches 
the ground for a shorter time. 

Then, there occurs a suspension of the body, after whi(»h 
the right foot faUa a&osh, and so on. The time of the simul- 
taneous pressure of both feet is measured according to the 
space by which tho shaded rectangle rests on tho \vhife ouo. 

Line 2 is the notation of tho nght tjaUop ; that is h> say, 
when the right foot is always in xidvimco, roueliing the ground 
later than the left. Thus, in iho gallop, tho body is sometimes 
in the air, somotitnes on one foot, and somotimos supported 
by two. 

Finally, the notations represented in fig, 37 would bo: 
tipper line, a series of jumps on two feet ; lower line, a series 
of hops on the right foot only. 



Fio, 37,— CUppor lino), notation of a rorieo of jtimps on two fool, fliowor 
lino), notmion of liopn on HgUt foot. It 1*4 hoou tUut tUoro Is 
In tho dumtiuno of HUfliHiniion, notwithflUmding tito V{tri.ilnUty of tltu 

liTCBHUrOH. 


'I'iiis mflthod of reproseniation is less compluto tliim tho 
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curves given before, for it does not indicate the phases of 
variable pressure exerted by the foot upon the ground; but it 
is much more simple, and allows the two modes of progression 
to be compared much more easily than the other. It will be 
seen farther on, when speaking of quadrupedal locomotion, 
that the complication of the subject renders it indispensable 
to employ this veiy simple notation of the rhythm of move- 
ment. 

Definition of a •pace in any kind of progression. — It is usually 
considered that a pace is produced by the series of movement'^ 
which are executed between the action of one foot and that 
of the other, whether we choose for the commencement of 
the pace the instant that the feet reach the ground, or tlmt 
when they rise from it. Thus, in measuring a pace on the 
ground, we usually take as its length the distance which 
separates one portion of the print of the right foot from 
a similar point of the impression made by the left. 

We shall be obliged to depart from this usage. Although 
we regret any innovation, yet we shall consider the standard 
pace only as half a pace^ and we shall thus define it : A pace 
is the series of movements executed between two similar positions of 
the same foot — ^between the two successive treads of the right 
foot, for example, or two successive elevations of the left 
foot, &c. 

. In the same manner the extent of a pace on the ground 
will be the distance which separates two homologous points 
taken in the two successive impressions of the same foot. 
The pace is estimated in this manner In Mexico. This is the 
only method of counting which will prevent errors in the very 
complicated moments of quadrupedal progression. 

SY2!«rHEriO BEPKODUCTIOK OF THE MOOES OF FBOGEESSION 
EMFLOVEB BV MAN, 

Since we have completed the analysis of a phenomenon of 
which we now seem to understand all the details, it is by 
synthesis that we will endeavour to construct a counter-proof 
This method has proved very useful in verifying our theories 
concerning certain physiological actions, as, for instance, the 
circulation of the blood. It consisted in representing, by arti- 
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ficial means, tlie movements and the sounds of the heart, the 
arterial pulsations, &c., and we thus proved the correctness 
of our theories as to the nature of these phenomena. The 
same method will serve hereafter to verify our theories of the 
flight of insects and birds. In the present case it is necessary 
to represent, according to the data affi^rded by analysis, the 
movements of walking and of the other paces employed by 
man. 

Every onfe knows the ingenious optical instrument invented 
by Plateau, and called by him “ Phcnakistiscope.” This 
instrument, which is also knovm by the name of Zootrope, 
presents to the eye a series of successive images of pei'sons or 
animals represented in various attitudes. When these atti- 
tudes are co-ordinated so as to bring before the eye all the 
phases of a movement, the illusion is complete ; we seem to 
see living persons moving in different w-ays. 

This instrument, usually constructed for the amusement of 
children^ generally represents grotesque or fantastic figures 
moving in a ridiculous manner. Bat it has occurred to us 
that, by depicting on the apparatus figures constructed with 
care, and representing faithfully the successive attitudes of the 
body during walking, running, d:c., we might reproduce the 
appearance of the Afferent kinds of progression employed 
by man. 

Mons. Corlet, whose remarkable studios of walking we have 
before quoted, and Mons. Mathias Duval, professor of anatomy 
at the Ecole dee Beaux-arts, have carried out this plan, and, 
after many attempts, have arrived at excellent results. 

Mons, Duval is engaged in perfecting his diagram, which 
fhmishes to the eye sixteen successive positions for each kind 
of locomotion employed by man. Each figure is carefully 
drawn according to the results afforded by the graphic method. 
When rotated with suitable speed, the instrument shows, with 
perfect precision, the different movements of walking or run- 
ning. But its principal advantage is that, by turning it less 
quickly, we cause it to represent the movements much more 
riowly, so that the eye can ascertain with the greatest facility 
these actions, the succession of which caxmot bo apprehondod in 
ordinary walking. 
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CHAPTER IV. 

QUADRUPEDAL LOCOMOTION STUDIED IN THE HORSK. 

lusufficioncy of the senses for the analysis of the paces of the horwi'— 
Comparison of Dugt'^s— Rhythms of the paces studied hy moans of tiu* 
car — Insaf&ciency of language to express these rhythms— Miinical 
notation— Notation of the aTiiblc, of the walking pact, of the 
Synoptical table of paces noted according to the definition of each of 
thorn hy different authors— Inatrumonts intended to determine by the 
graphic method the rhythms of the various |mccs» and tlm re-actioiv* 
which accompany them. 

There is scarcely any branch of animal mechanics which 
has given rise to more labour and greater controversy than the 
question of the paces of tho hnrso. The subject is ono of 
great importance to a large number of persons eugagod in 
special pursuits^ but its extreme complexity has caused in* 
teminablo discussions. Any one who proposed at the prenent 
time to write a treatise on tho paces of tho horse, would have 
to discuss many diflbront opinions put forward by a great 
number of authors. 

While reading those wwlcs, on which so much sagacity of 
observation and such rigorofus reasoning have been expended, 
one is astonished to find that tho greater number of those 
writers axe not a^eed in their definitions of the paces. This 
disagreement in similar observers cun only be accounted for 
on the principle of tho insufiiciency of tho moans at their 
disposal to enable them to analyse the voiy complex and rttpid 
movements of tho horse. Tho difficulty of cxprcaaiug iu 
words the rhythms and tho durations of theso various inov4>- 
ments adds still more to tlio confusion. When a i» 

running, and passing from one kind of motion to another; 
when he moves his limbs with a rapidify which makes one 
dhsy, according to the most vari^ rhythms, how can we 
appreciate and describe faithfully all theso actions ? It would 
be as easy a task, after looking at tho fingers of a pianist 
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vrhea running over the keys, to try and describe the move- 
ments vrhich have just been execute. 

Still, in the midst of this confusion, it has been found 
possible, by observation alone, to establish certain divisions 
TV'hich singularly simplify the study. Thiis, certain paces give 
to the ear a rhythm in which the strokes of the hoofs succeed 
each other at sufficiently regular intervals; others, such as the 
different kinds of gallop, offer an irregular rhythm, recurring 
at ]ieriodical times. These latter paces are the most difficult 
to analyse. 

But if we observe a horse either at a walking jpace, ambling^ 
or trotting f and if wo concentrate our attention on the anterior 
limbs alone, or on the posterior ones, we perceive that the 
rhythm of ihe impacts and elevations of the right and left 
foot entirely resemble those of the feet of a man walking or 
running more or less quickly. The alternation of the strokes 
of tho feet is perfectly regular, if the horse bo not lamo of 
one of the limbs tmder observation. 

If we then pass to the comparison of the movements in tho 
two fore and hind legs on the same sido, we see that tho two 
foet on the right side, for example, mako tlio same number of 
stops, and that if one of them strikes tho ground at a greater 
or loss Interval before the other, this is X)rcscrvod as long as 
tho same pace is continued. Add to this that tho length of 
the step is tho same for both tho fore and hind limbs, of 
which fact wo may convince ourselves by seeing that these 
two foet always leave on tho ground prints situated at the 
same distance from each, other. In generd, the hind-foot 
covers tho print left by the corresponding fore-foot ; if the 
prints be not covered, they preserve always the same distance 
from each other. Thus, tho steps of the fore and hind logs 
are of the same iiumbor and tho same extent ; theso facts 
have not escaped former observers. 

Dugis has compared tho quadruped when walking to two 
men placed one before tho otlmr, and following each other. 
According as these two persons (who ought both to take tho 
samo number of stops) move their limbs simultaneously, or 
nltornately ; according as the man in front executes his move- 
ments more quickly or more slowly than the one behind, wo 
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see all tlie rliytlims of the movements which characterisd 
tlio different paces of the horse reproduced. 

Every one^ has seen in the circus or the masquerade those 
figures of animals whose legs are formed by those of two men 
with their bodies concealed in that of the horse. This gro- 
tesque imitation bears a striking resemblance to the animal, 
when tho movements of the two men are well co-ordinated, so 
£is to reproduce^ the rhythms of the paces of a real qnadriipod. 

In the examination of the tracings furnished by the graphic 
method when applied to the paces of the horse, we may hiivo 
recourse to the theory propounded by Duges ; we shall thou 
find the curves furnished by human locomotion twice repeated. 
W e shall see that the difference between one pace and anothor 
consists in the manner in which the footfalls of the hind log 
of a horse succeed each other, with relation to those of tho 
tore leg on the same side. But this determination of tlio 
oixier of the succession of footfalls presents singular difli- 
culties, even for the most skilful observers. 

Many attempts have been made to bring to perfection the 
moans of observation, and to remedy the insufUciency of 
language in tlio description of the observed phenomena* 
Long since, tho rhytlim of the steps according to the sounds 
wliich they produce has been substituted for their examination 
by means of the eye. The ear, in feet, is better adapted than 
the eye to distinguisli the rhythms or relations of succession. 
To ascertain tho order in which each limb strikes the ground, 
certain experimenters have attached to tlie legs of the horse 
bells of different tones, which can be easily distinguished from 
each other. 

A point which has been better ascertained with respect to 
the locomotion of the horse, is the determination of tho 8pa<*e 
passed over on the ground during eacli of the various kinds 
of paces. ^ This space has been directly measured by moans 
of the distance between the prints of the feet left on tho 
ground. To render the distinction between tho footprints 
more easy, each of tho animal’s feet has been shod in a 
difterent manner. Besides this, observers have studied tho 
iwoportion which exists between the height of the animal and 
the length of Its various paces. All those who have made 
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any progress in this interesting study have arrived at it by 
the employment of rigorous methods of observation. 

On the other hand, the manner of expressing the observed 
phenomena has occupied the attention of different authors. 
Almost all have had recourse, Tvuth great advantage, to the 
use of drawings, hut have agreed hut little in their mode of 
representing the successive actions which characterise the 
different paces. The most perfect kind of representation 
is that employed during the last century by Vincent and 
Goiffon.* A sort of musical staff, composed of four lines, 
seiwed to note the instant of each impact of the four feet, and 
the duration of the succeeding pressures on the ground. This 
notation resembles, to a certain degi'ce, that which ^^e havo 
employed to represent the different rhythms of human, loco- 
motion, and which will hereafter serve to explain the various 
paces of the horse. But we must not forget that the metliod 
of Vincent and Ooiffon only expressed a succession of move- 
ments observed by the sight or the oar, and that it realised no 
greater exactitude than tliut of the individual observer. 

Our registering instruments resolve the double problem of 
analysing with tidelity tho acts which the senses could not 
accurately appreciate, and exx>rcssing clearly tho result of this 
analysis. 

Boforo we describe our experiments, W’O shall, in order that 
tlio reader may understand their utility, try to present a 
summary of the present state of the science, and to show what 
disagreement exists on various points among different authors. 
As the standard definitions are not always easy to be under- 
stood, w'O shall add to thorn the notation of each of the paces, 
trusting tliat this method of representation will render them 
more intelligible, cmd especially more easy to bo comx>arcd 
with each other. 

Notation of the varinva paces of the horse , — Tlcourring to tho 
comparison used by Dugu-s, let us represent the horso as coiU' 
posed of tw’O bipods wtdldng one behind the other. We nuist 
determine tho manner in which tho rise and fail of the feet 


* Minioirc nriiflciflk* ]inm.'ipc8 rflotifn h la lidMt* r(*pn\scntaliun tlo.s 
aniuiaux, taat t-u p'iatttrt* quVn wulpturo. AKonl, 1701). 
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succeed each other, in each of the persons supposed to be 
walking. 

Of the amble, — Let us take the simplest case, in which the 
two persons walking steadily go through the same movements 
at the same time. If we represent, by the notation before 
employed, the movements of these two men, placing at the top 
the notation which belongs to the foremost, and below it that 
of the hindmost, we shall have the following figure : — 




Fio. d8 —Notation of a Lorse's omblo, 

The foot&Us of the right and left foot being produced at 
the same time by the person walking in front and by him who 
follows, must be represented by similar signs pla^ eamctly 
over each other. Thus, in paces of the horse, this 
agreement between the movements of the fore and hind limbs 
belongs to the amble. The notation (fig. 38) will he that of 
a horse^s amble ; the upper line referring to the movements 
of the fore quarters of the animal, and tihe lower line to the 
hind limbs. 

The standard definition is the following ; ^‘The^amble is a 
kind of pace characterised by the alternate and exclusive 
action of two lateral bipedsJ^ Authors are entirely agreed on 
this point. Let us add that in the amble the ear percoivos 
only two beats at each pace, the two limbs on the side 
striing the ground at the same instant. In the notation 
these two sounds ore marked by vertical lines joining the two 
synchronous impacts. 

In the amble the pressure of the body on the ground is 
said to be lateral, as the two limbs on one side only art; in 
<3ontact wdth the ground at the same time. 

Of the walHng face, — According to the definition of the 
greater number of authors, the walking face consists in un 
equal succession of impacts of the four feet, whicli strilce the 
ground in the following order : if the right foot bo considered 
as moving first, wo slidl have tho following succession — right 
pn-foot, left htndfoot, left forefoot^ and then right hindfoot* 
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To express tHs succession of movements of the two persons 
■walking, it is only necessary to alter the place of the signals of 
the hind feet with respect to those of the fore feet. We g’Wnli 
obtain the rhythm indicated by authors by causing the g^gnnla 
of the hind feet to slip towards the left, which will give the 
following figure : — 



i’lrj, iiO —Notation of tha horse’s walking pace 


It is seen, therefore, that ‘when compared "with the amble, 
the walking pace consists in an anticipation of the hinder 
limbs, ■whose footfalls precede those of the corresponding fore 
limbs by the half of the duration of one of their pressures 
on the ground. 

If the notations be read from left to right, like ordinary 
writing, it is evident that each sign situated farther to the 
left than another precedes it in order of succession. Thus, 
in fig, 39, the impact of the right hind-foot precedes that of 
tho right fore-foot. But as it is of little consequence, in the 
series of successive acts of the same kind of pace, whether we 
choose one instant rather than another as the point of depar- 
ture, we shall always take as the commencement the impact 
of tho right fore-foot. 

The car distinguishes Jour heats^ separated by regular 
intervals, each of which is indicated in tho notation by a 
vertitjal line. Finally, the body rests on the ground twice 
hUrulfy a) id twice diaijonaUtj during one entire pace. It is 
easy to uscertaiu this by looking at fig. 39, in which, after 
th<) first itnpact, the body rests on the right feet (lateral biped 
L) ; after the second impact, on the right foot in front, and 
th(^ left foot behind (diagonal bipod D), &c. 

But this notation only expresses the theory of the most 
exteudod pace. The equality of intervals between the strokes 
of the feet is not admitted by all writers. We shall see, in 
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the course of our experitnents, tibiat the walking pace, in fact, 
may present different rhythms. 

Of the trot , — ^The notation of the trot is obtained by a 
more decided anticipation of the hinder limbs, each of which 
will have entirely completed its pressure on the ground, 
and begun to rise at the moment when the fore-leg on the 
same side has completed its stroke. Fig. 40 expresses the 
absolute alternation of the two persons supposed to be 
walking. 



Fk, 10 — NoUtion of a lxorbt*’s> txut. 


Authors afj;reo also on this point, that in the trot, the 
limbs which <ict together are associated in diagonal pairs. 

The ear perceives but t«v< sounds of the hoofs, as in the 
amblo, but with this difference, that it is always a right and 
left foot together, and not two feet on the same side, which 
produce each sound. 

ITie notation also shows that the pressure of the body on the 
ground is always diagonal. What it does not espress is, that 
between successive pressures, the body of the animal is, for an 
instant, suspended ia the air. This suspension arises from 
the fact tliat the trot is not a miking, but a running pace, and 
that to represent it faithfully we must place together two 
notations similar to that which is re;^esented in ffg. 34. 

We have designedly omitted the time of suspension in the 
former notation ; it would have rendered a difficult subject 
still more complicated. Besides, this suspension does not 
always take place ; certain horses have a low trot, which has 
nothing to charactoriso it except its rhythm in double timo 
and the diagonal impacts of the feet. . 

^V;e will not fatigue the reader by detailing the definition 
of ail the paces admitted by different authors. We shall 
merely present in a synoptical table the senes of notations 
ivhioh correspond with thorn. In this table (fig. 41) it is 
seen, <Jiat all the lower paces may be considered as derived 
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from the amble, and that if we wished to mahe a methodical 
dassxfication, we should group them in a series of which the 
amble would be the first term, and all the other terms would 
be obtained by means of an increasing anticipation of the 
movements of the hinder limbs. Pig. 41 represents this series. 
In the notation of each hind of pace, we have left on the same 
vertical the impact of the right fore-foot, which we shall choose 
as the commencement of each pace, and which will serve as 
a point of reference to characterise each kind of locomotion. 

This table, prepared from dl:fferent treatises on the horse, 
represents as faithfully as we have been able to depict it" 
that wducli each author admits as constituting each particular 
hind of pace. The explanatory notes show the disagreement 
which exists between the various theories relative to the sue- 
iiosfiion of movements which characterise each of them. Thus 
we see, that with the exception of the amble, on which all 
are agreed, all the other hinds of paces are defined in a 
difforent manner by various authors. Thus, the notation 
Ko. 2, whicli, according to Merclie, w^ould correspond with 
the broken amble, would be, according to Bouley, the expres- 
of tlie high step, or the i:>ace of Norman ponies ; while 
this same Norman pace would be, according to Lecoq, that 
which is represented in No. 9. We also see that the notation 
of No. 3 would correspond, according to Merche, with the 
ordlntmj step of a pacing liorse^ wdiile Bouley would consider it 
as a broken mnhU\ and Lecoq the ; which traqiienade, 

according to IHerohe, would not difier from the pace repre- 
hcnted by the notation No. 10. The ordinary walking pace 
itself is not understood in the same manner by different 
writers, and if the greater part of them, with Vincent and 
tioiffon, Colin, Botdey, &c., admit in tliis pace a succession of 
impacts at unequal intervals, it is to he observed that the 
theory of Lecoq and llaabe, concerning the normal pace, is 
different* 

This disagreement can easily be explained : first, the 
observation of those movements is very difficult ; then, each 
pace must naturally present, according to the conditions 
Kinder which it is studied, the different forms which each 
writer has arbitrarily taken as the type of the normal w^alking 

L 
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Fiu. 41.^i1yiioptiQn>l notatiuna nt tho nnocs of the homo, according to 
vaiioua writers. * See DcscUptiou at tbo toot of jpugo JL17. 
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pace. Eacli one has sufTeved himself to be guided in this 
respect by theoretical considerations. Those \rho admit equal 
intervals between the four footfalls, have thought that they 
found in tliis type more clearness and a more decided dis- 
tinction between the amble and the trot. The other writers 
have attempted the realisation of a certain ideal in the kind 
of pace which served them as a type. For Raabe, it -was tho 
maximum of stabilitj^, uhich, according to his theory, is 
obtained when the weight of the body rests longer on the two 
diagonal feet than on the two lateral feet ; whence arises the 
choice of the type represented by tho notation No. 6. Lecocj* 
thinking, on the conlraxy, that the most rapid pace is the best, 
has chosen as his type the pace in which the body rests longer on 
the two lateral feet than on the diagonal ones (notation No. 4). 

Whatever may be the value of these considerations, of 
■\\ liioh practical men alone can judge, it seems to us that the 
physiologist must first of all endeavour to sotirch for facts, and 
must take simply such types as experiment may reveal to him. 
It is for this purpose, that the investigations have been made with 
registering apparatus, tho result of which will now he given. 

ArPAUATUS INTENDED FOR TUK STUDY OF THE MODES 
OF LOCOMOTrON OV THE HOK'^K. 

For tlio ctfpr.nmcntal akoo employocl in the experiments made 
on man has been substituted, on tho horse, a ball of india- 
rubber filled with horsehair, and attached to tho horse’s hoof 
by a contrivance which adapts it to the shoo. 


PcscniPTiON OV D’lo, 41. 

No. 1. Aniblo, ftcoordliig to nil wntots. 

Vrt 0 i ilwkcii according t»> Morcho. 
a. ttccorvling to Uwuloy. 

( OnUnary Htep of a pr/c/Pff /tow, uccordingto 
No 3. •{ Urokott nmblo, according to liouloy 
( Tmqucuodc, according to Locoti. 

No. 4, Normal walking pace, aoconling to Fjccoq, 

No 5. Normal walking pace (Bouley, Vincent and Qolifon, Solb yscl, Co’lii). 

No. 0. Nonmil walking paoo, according to Ua ibo. 

No, I'. Irregniar trot (trot dficouan). 

No 8, OwUnary trot. (In tho flgnro, It i« tmpposed that tho .mini d trr witli- 
ont leaving tlio ground, which occurs hut mroly. Tho uotatluu cal.<.s into 
account dio rhyclim of tho impacts of iho foot.) 

No. 0. Norman pace, fyom Locoq. 

No, 10. Traquonado, fromHcrchs. 

It 2 
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By tuniing an adjusting scaw wo fix it to the horse-felioe 

by three catclies, which 
keep tlie instrument se- 
curely fastened. A strong 
band of india-rubber 
over the apparatus (fig. *1 *2 j . 
and keeps in its place tlit* 
ball filled with horsc-haii\ 
►so as to allow it to rise 
slightly above the lower 
surface of the hoofc When 
the foot strikes tho ground, 
the india-rubber ball in 
compressed, and drives n 
port of the confined air 
into the registering instrii* 
monts» When the foot is 
riiisod, tlio ball movers its 
form, and draws again into 
its interior the air which 
42 -rjvjiorinnnitti apiunii.H t(» tho pressuro had expelled. 

These instruments soou 
wear out on the road, but 
will last during some time on the artificial soil of the riding- 
sriiooL 

For oxpcriment.s wdiich wo have made on ordinary roads, 
we have had recourse to an instrument represented in fig. 4»b 

To the leg of tho horse just above the fetlock-joint U 
attached a kind of leather bracelet fastened liy straps. In fruiit 
of this hracelot, wliich fnniihlios a solid point of rcsistaiirc, 
are placed variou.s pieces of apparatus. There is, first, a ilut 
box of iadiu-rubbor firmly fixed in front of tho bracidet ; tluM 
box cominunioatos, by a transmission tube, with the registering 
apparatus. Every pj^asuz'o excrtc*d on tho box moves the 
corresponding registering lever. It is evident that all the 
movements of tho horse’s foot are shown liy pressures on ihn 
india-rubber box, and ore iininodiatoly sigJinllod by tho n>gis- 
tering levor-s. 

For this purpose, a plate of copper, inclined about 46'’, is 
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connected at its upper extremity with a kind of hinge, whilst 
its lower end is fastened by a solid wire to the upper face of 
the india-rubber box, on 


which it presses by means 
of a flat disc. On a wire 
parallel to the slip of 
copper slides a ball of lead, 
the position of which can 
be varied in order to in- 
crease or diminish the 
pressure which this jointed 
apparatus exerts on the 
india-rubber box. 

The function of this 
apparatus is analogous with 
that of the instrument re- 
presented in fig. 28 , in- 
tended to show the re- 
actions which are produced 
in various kinds of loco- 
motion; only the inclina- 
tion of the oscillating por- 
tions allows them to act on 
the membrane during the 
movement of the elevation, 
the descent, and the hori- 
zontal progress of the foot. 

When the hoof meets 
the ground the bull has a 
tendency to continue its 
motion,! and comprosHOH 
w'ith force the india-rubber 



Fki 4.1. -Appamtnw ti» liflvo tha of 

thu |)t'(.Kiiuru iuul visa ut tUu hitrHo'a 


box. When the foot I’ises, 

the inertia of the ball produces in its turn a compression 
by a kind of meohauisiu already describetl with reference to 
fig. 28 . 

Thi^ough the kindness of Mons. Pellior, we bax^o been able 
to experiraeiit on several horses, ridden by liimself, while 
holding in his hancl the registering instrumeirts. 
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When tlie horse had liis feet furnished with the india-rubber 
boxes which have just been described, tliick transmitting 
tubes not easily crushed were fitted to these receptacles. 
These tubes are usually fastened by flannel bands to the legs 
of the animal, and thence directed to a point of attachment 
at the level of the withers ; they are then continued to tho 
registering apparatus, which has been already described 
in the experiments on biped locomotion. The registrar now 



Tja, 44 -This flmire i-opresonts a trotUnffhorso, fliniished^lth IhOfUflbreiit 
oxperiinciipu instniinonts ; tho horKointin c(\n*yintf tliu rctfistor of tho 
''Ithcro nnd tho crowj) aro liwtrumwita toahuwtlio 


carries a great number of levers; he must have four at 
least — one for each of the legs, and usually two other lovers 
wlneh receive their movements of re-actiou from tho withers 
and the croup. Similar hinds of ap2)iix'atus to thoso roprtj- 
sented in fig. 28 are employed for this purpose. 

The rider carries by the handle a portable roglstorxng iii- 
"^'hich all the levers give their signals at once ; 
the hand which holds the reins is also ready to compress a 
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ball of india-rubber at; the moment 'when the hoi'seman 'wishes 
the tracings to commence. Fig. 44 represents the general 
arrangement of the apparatus at the moment when the rider 
is about to collect the grai^hio signals of any particular pace. 


CHAPTER V. 

EXPERIMENTS ON THE PACES OP THE HORSE. 

Double aim of these experiments : determination of the movements under 
the physiological point of viow> and of the attitudes with rofcronco 
to art. 

Exporimouts on the trot— Tracings of the pressures of the feet and of the 
ro-actions— Notation of the trot— of the trot— Representation 
of the trotting horso. 

Experiments on the walking pace— Notation of this kind of motion ; its 
vaiioties— of the walking pace— Roprcsoutalion of a pacing 
horso. 

Thb aim of those exporiments is twofold; as far as 
physiology is concerned, we derive from them the expression 
of tlie duration, actions, and re-actions of each pace, the 
energy and duration of each movement, and the rhythm of 
their succession. But the artist is no less interested in 
knowing exactly the attitude which corresponds with each 
ipovemont, in order to represent it faithfully with the various 
poses which characterise it. AH those details are fumisliod 
by the registering apparatus ; ilie artist need fear no error if 
ho conform his fetches to the indications furnished by the 
tracings made by the instrument. 

The remarkable work of Vincent and GoifToa was expressly 
intended to establish principles relative to tho faitliful repre- 
sentation of the horse. We shall borrow some things from 
this book, which seems to have been too much forgotten, and 
not to have exercised upon art tho influence that might have 
been expected. This is doubtloss owing, in some degree, to a 
certain obscurity in the mode of explanation, and still more 
to the fact that the writers, having hud recourse only to direct 
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observation in order to analyse the paces of the horse, have 
not been able to give all the details. We trust that v^re shall 
be more fortunate in our treatment of the subject ,* but we aro 
assured, at least, of the perfect exactitude of the data fur- 
nished by the apparatus which we have used. 

Colonel Duhousset has been kind enough to offer us his 
assistance in representing the horse in its various paces ; it is 
to his skilful pencil that we owe the figures represented in this 
chapter, which are the faithful translation of tlie notation 
which accompanies them. We are also indebted to Mons. 
Duhousset for some documents relating to the representation 
of the paces. 

The knowledge of the pistes-^that is to say, ilie impressions 
which the feet of the horse leave on the ground — is of great 
importance ; they enable an experienced eye to recognise the 
pace of the animal which has marked them. 

These pistes are of extreme value to the artist; they 
alone can represent to him the limbs as they strike the grtjuud, 
with the true distances which they ought to preserve from 
each other according to the size of the horso and tlio spoed of 
the pace. We refer the reader to the works of Vixicout iiiul 
Goiffon, of Baron Curnieu, of Colin, on this subject, con- 
tenting ourselves with giving merely, from these writers, the 
piste which characterises each pace. 

The filrst series of experiments, the results of which we aro 
about to analyse, were made in the riding school of Mons. 
PelHer, The horses were ftimished, on each foot, with 
an instrument for determining pressures, similar to that whicjh 
is represented in fig. 42. Wo shall first discuss tho exp(‘ri- 
meats on the trot ; the tracings whicli they give ‘are eany to 
be understood ; the study of these will servo as a preparathui 
for the more complicated unaljsis of the other paces, 

OP THE TIIOX. 

Eaperiments on the trot . — An old and very qiuot horso fixr^ 
nished the tracing repi^esented in fig. 45. In this pluto iiro 
shown at the same time tho tracings of tho pressures of iho 
four feet with their notations, and on tlie otlier huh», tho ro- 
uctions produced on the horse by this kind of put*o. 
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Let us analyse the details of these curves. Above are the 
ro-aotions taken jErom the withers for the fore part of the 
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animal, \^hioh are given by tiie line R A (anterior re-aotions), 
and from the croup for the hinder part, whioh correspond 
with the line R P (posterior re-actions). 

Below are given the curves of pressure of the four feet ; 
they are drawn at two dijferent levels ; above are the curves 
of the anterior, below those of the posterior limbs. In each 
of these series the curves of the left foot are drawn with 
dotted lines, those of the right with full lines* Whether 
dotted or full, these lines have been made thioher for the 
fore-limbs than for the hinder ones ; this difference, though 
of little use in curves as simple as those of the ^ot, will 
serve to render the more complicated tracings much more 
intelligible. 

The moment when the curve begins its rise, represents the 
commencement of the pressure of the foot on the ground. 
The instant when the curve descends again gives the signal 
of the rise of the foot.* It is seen from these tracings 
that the feet A Q and P D, left foro-foot and right hind-ibot, 
strike tho gi*ound at the same time. The simultaneous lower* 
ing of the curves of ilxe two feet shows that they also rise from 
the ground simultaneously. Under these curves is tho nota- 
tion which rexxresents the pressure of the left diagonal bip6d.f 

The second impact is given by the feet A D, and P Q (right 
diagonal biped), and so on through oil the length of the 
tracing. 

This experiment confirms the correctness of the standard 
theoxy of the trot, and at the same time affords additional 
information on some points. Thus, all writers agree in 
choosing, as tho t}po of tho free trot, tiie pace in which all the 
four feet give but two strokes, and in which the ground in 
siruck in turn by tiie two diagonal bipeds. It is admitted 

* Tile duration of tho prossurc ought to bo marked by u horhontnl lino, 
but wo Iiavo made tho tuix) Homowimt narrow in order to lessen the feren 
of the shoohs given to tho registering lover ; tho narrowing of tin* tube 
Ims slightly alToctod tho curve, which, however, produces no 
in studying tho rhythms. 

t Each diagonal biped is immod after tho anterior foot of wluch it forms 
a part ; the left diagonal bipod moons, lliorofore, left fort* foot, right Itiad 
foot. 
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alfto tliat the trot is a high pace, and that, in the interval 
between two successive strokes, the animal is for an instant 
raised above the ground. 

But we find disagreement when we come to estimate the 
duration of this suspension. Thus, according to Bouley, it is 
very short in proportion to the duration of the pressure; 
wh^t Eaabe thinks, on the contrary, that the pressure is 
very short, so tliat the animal is a longer time in the air than 
on the ground. 

In the notation of the tracing (fig. 45), it is seen that the 
pressures are twice as long as the periods during which the 
body is suspended above the ground. This experiment, there- 
fore, would confirm the opinion of Bouley in opposition to 
that of Baabe ; but it appears to us that there is a great 
variety in the relative duration of the pressures, and of the 
periods of suspension above the ground during the trot. 
Thus, certain horses running in harness have furnished 
tracings in which the phase of suspension was scarcdy 
visible; so that this ibrm of trot resembled the low paces, 
only peserving that characteristic of the free type which 
arises from the perfect synclironism of the diagonal strokes of 
the feet- We have not yot been able to study the movements 
of rapid trotters ; in these perhaps we should see, in an 
inverse ratio, the time of suspension increase over that of the 
duration of pressures. 

If wo seek to ascertain the correspondence between tiiie 
T$-actiom (B A and 11 V) and the moveTuents of the limbs, we 
see that the moment when the body of the animal is at vflm 
lowest part of its vertical oscillatiou coincides precisely with 
that at which its feet touch the ground* The time of suspen- 
sion does not depend on tlie fSact that the body of the horse is 
projected into the air, but that all four legs are bent during 
this short period. The maximum height of the suspension of 
the body corresponds, on tlie contrary, with the end of the 
pressure of the limbs on the ground* It seems, according to 
the tracings, iliat the elevation of the body does not com- 
mence till after each double impact, and that it continues 
during the whole time of the pressure. 

It is also seen, in the same figure, that the ro-aotions of the 
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fore-limbs are much more considerable than those of the 
hinder ones. This fact appears to us to be constant ; and tho 
inequality of the redactions is still more marked in tho walk- 
ing pace, because tho apparatus placed on the withers almost: 
always gives appreciable re-actions, while that on the croup 
gives scarcely any. 

Of the tnegular trot (trot deconnu ). — We call that a free 
trot w hich gives two distinct sounds to tho ear for each pace, 
and we name that irregular, each sound of which is in a cer- 
tain degree divided by the waTit of synchronism in the strokes 
of each diagonal bipod. Tim irregular trot lias been met 
with in many of our experiments. Occasionally this pace was 
continued, and then the want of synchronism existed 
times in the impacts of tho two diagonal bipods, and some- 
times in one pair only ; at other times, on the contrary, the 
trot was irregular only for an instatif, at the moment of tho 
Xmssage from one kind of pace to another. In all the txperi- 
tiieuts which wo have hitherto made, the want of synchronism 
depended on tho hinder limb lieing behind the anterior llml» 
which corresponded diagonally with it. 

Fig. ‘lb re])r(s8entH tlm notation of an irregidm* frot, in 
vhbdi the diagonal Impacts leave liotween them an appre- 
ciable interval of time. We can recognise this by the 
obliquity of tho dotted lino which unites with each other the 
impacts of the two diag<^mal bipeds. 


‘ '//Amv/.mvA 

Ml 







4V/-// w.v//;;,'. 








4(1 — Notutiuii tho Irro^Milur tn>t. 


The pUte of tho trot is roprc«cijh»d in fig. *17, according h» 
Vincent and Ooifinn. All tho j»rint» are double, ftir tin* 
lundcr-foot always comes up to lidto tho place of the fort*- foot 
on tho same side. 

In fig. 47 we have rendered this suiwrposition imi»erfect 
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in order to avoid confusion ; for the same purpose, ve have 
represented the prints of the fore-feet hy dotted lines, those of 
the hind-feet hy full lines. In the trot, the prints of the left 
feet alternate perfectly with those of the right feet. 



Fia. 47.— nste oi ibo tiot itecording to Vincoxit and GuiffoA 


According to tlie speed of the trot, and the size of the 
horse, the varies much with respect to the space which 
separates the prints on the same side. 



Fio. 48.— TTorso trotting with n low kind i»f imco Tbo liJKtfinf r»»rn'**piinll!ig 
with tb» attitndo repre^ontod in this figure, bt markod with a white dot 
ou tho notation. 


Ib the representation of the trotting horse we must dis- 
tinguish the (Hiferent fonns of this pace. 

Tho low and nhort trot is roprosontod in fig. 48, tVo usually 
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make our observations at the start of the animal, or at tho 
moment wlien he passes from the walking pace to the trot. 
The diagonal impacts succeed each other without interval, as 
is seen in the notation placed below the figure. The animal 
haw been depicted from the notation. 

The instant which the artist has chosen is that which is 
marked in the notation by a white dot. At tliis nwiinent, as 
tlie superposition indicates, tho loft fr>ro-foot is at the end of 
its pressure ; tho right foro-foot is aimut to reach tho ground ; 
tho right hind-foofc is finishing its pressure ; tho left liiiuhfoot 
is about to fall. Tho inelination of tho limbs is that which 
corresponds with each of tho phases of tho pressure,s and tlit^ 
rise of tho feet. The distaxieo separating tho feet is that 
which is indicated by tho prints on tho ground. Thus, in 
fig. 48> it is seen that the trot is Bhortmul^ for tho hind-foot. 



4a liifm tti fun trot Th* <J<it in tha utiteUtiii 
with tho uttlMo 





153 


ON THE WALKING PACE. 

on the point of striking the ground, will not roach the place 
of the fore-foot on the same side. 

The elevated and lengthened trot is represented in fig. 49, 
which has already served to show the rider and his horse 
furnished with tho instruments for the purpose of forming 
tracings of the various paces. The animal is depicted at the 
instant which, in the notation, is represented by a dot ; that 
is to say, during the time of suspension, at tho moment when 
the left diagon^ bipod has just risen and the right diagonal 
biped is about to descend. 

OV THJi WALKIxn pxrn, 

EoepenmenU on the walking pace . — The explanations into 
which we have entered in order to analyfiO tho tracings of u 
trot, will facilitate the interpretation of that of the walking 
pace, represented in fig. 50, These tracings have been obtained 
from the same horse as the preceding ones. 

If we let fall a perpendicular from the points at which the 
curves commence, we shall have the position of the su(»coasivo 
impacts of the four legs. On account of tho thickness of tlio 
style employed to traco these curves, tho foot corresponding 
with each of thorn is easily recognised, thureforo wo can 
mark on each of these perpendicular lines tho initial letters 
of the foot which at this moment reaches tho grotind. 'i'fao 
order of succession of impacts is roprescnto<l by tho letters 
A D, P G, A O, P D ; that is to say, right fore-foot, left hind- 
foot, left forefoot, right hind-foot, which is tho 8UCceja.siou 
admitted by writers on tho subject. 

There remains to ho determined the greater or less regu- 
knty in the sucoossion of these impacts, and tho rclutivo 
extent of the intervals whidh separate them. For this purpos(» 
it is sufficient to oonstruot the notation of the rhythm of the 
pressure of each foot according to the registered curves. 
This notation for fig* 50 shows that the interval which sopa* 
rates the impacts is always the same, and, conscqueutly, tliut 
tho horse rests during the same time on tho lateral as on tti*! 
diagonal bipeds. But this is not always the case. 

That we may render the successive positions of tho centro 
of gravity easUyunderstoodi we will expluiu in few woi*as ilic 
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aiifiiiner in \viii<jh the notation of fig. 50 liaR toon constructed. 
If wo let fall i)erpoxidiculars coiTeRpoading witli each of the 
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footfalls, beginniog trith that of the right fore-foot, which ie 
marked No. 1, we shall divide the figures into successive por- 
tions, in which will he found the impacts, sometimes of two 
legs on the same side (lateral biped), at others, of two placed 
diagonally (diagonal biped). Thus, from 1 to 2, the horse 
will rest on the right lateral biped ; from 2 to 3, on the right 
diagonal biped (that is to say, on that in which the right foot 
eome$ first ) ; from 3 to 4, on tho left lateral biped ; from 4 
to 5, on the left diagonal biped ; again, from 5 to C, the horse 
would find himself, as at the beginning, on tho right lateral 
biped. 

This experiment has reference entirely to the standard 
theory of tlie pace (see No. S of the synoptical table), but 
some horses wmk in a manner somewhat different. 

Fig. 31 is the notation of the walking pace of a horse 
which rested longer on tlie lateral than on tho diagonal 
pressures. 

Sometimes the contrary is observed ; in the transitions 
firom tho walk to tho trot, for instance, we have Ibund tho 
duration of the diagonal pressures predominate. 

Titis study, in order to bo complete, ought to have boon 
carried on under more fiivourablo oouditions then those which 
wo have hitherto boon ablo to meet with. It would be 
desirable to obtain many horses belonging to different breeds; 
to study their movements when led by tho hand, mounted, or 
harncMited ; to vary tho load which thoy carry or draw ; to 
experiment on level or sloping ground, Sio, All this can only 
be eifected by men espocioUy interested in those inquiries, and 
placed in favourable circumstances to undertako them. 

While making observations on draught horses, it lias 
seemed to us that when the animal strives to re-act against 
the weight of the carriage pressing upon him, he may have 
thret feet on the ground at once. This Borelli considered 
til lio the normal walking pace; we have just seen, on the 
cKutrary, that in the natural walMng pace there are never 
more titan two feet on the ground at a iimo. 

As to the rs-aelioat during the walking pace, thoy are not 
represented in fig. 30. Wo have aseertaiuod generally that 
the rc-actlons of the fore-limbs are the only ones of any im« 

M 
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portancG ; wo arc led to buppose, hy the extremely slight re- 
actions of the hinder that their action consists chiciiy 
in a forward propnlsion^ but wdtli very slight impulsion of 
the body in an upward direction. This agrees wdth the theoiy 
somewhat generally admitted, by w^hich the fore-logs would 
have little to do in the normal pace except to support alter- 
nately the fore part of the body, while to the hind limbs 
would belong the propulsive action and the tractive force 
developed by the animal* 

The pisiit of tlxe walking pace, ac<*ordmg to Vincent and 
Goifibn, is analogous wdtli that of the trot^ except that it pre- 
Kints a shorter interval botw’oen the successive footprints on 
tho same side. 


3 


— / 


‘D 


. " 





Kxc. (if tti(i lottu, ufiw Vincent atiU Ooifian. 

In tho ordintuy walk, this distance would bo ecjual to tho 
hoiglii of tlu; hom% nuiasurcd at tho withers* As in tho trot, 
the prints are covered at oiich pace ; those of the right foot 
altornolo perfectly with those of the left. This character of 
tho pihto of the walking ]>aco is, however, observed only under 


j • o 

D 


Fift. riMit <ff tho unihlo, ittU*r Vinroiit niiU Oolflftiii ; U (liflorn fnottUmt 
of tho wulkitiif Hilly 1*y tho ttmi mi2)ur}««>Hahiii of thu huitiirititii hii 

th«i MKmu hMik Tho Itiiiii ft# *t Clui ml (lU thu Kroutail iMryuiid thu tin 
liruHiituu tif thu loiu ftJHi. 

ccfteia condiitonH of hjiotMl, and on Icvol ground. On rintng 
ground the ;^rints of tho hind-foet aro ueuaily lathind thuNO of 
tho foro-foet ; in a doRCH'ut, on tho contrary, they ntay powihly 
pans Iteyond them, 'which would give tho pintt of the wtdk 
some rosemhlanco to that of tho amhilo. 
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BepreBentation of a pacing horse. The representation of a 
horse at the talking pace has been given by Mons. Duhousset 
in fig. 54. The instant chosen is marked in the notation by 
a dot. We shall not give an enumeration of the positions of 
the limbs of the animal as shown in the notation, as we have 
already done so in the representation of the trot. 




Vm. BoiffosontftUoA o< a walkiug pucc 
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CHAPTER VI. 

EXPERIMENTS ON THE PACES OF THE HOESK 
(Omiinued.) 

Experiments on the gallop— Notation of the gallop— Re-aetiona— Rases of 
support— Pistes of tiie gallop— Representation of » galloping lioriw in 
the various times of this pace. 

Transitions, or passage, from one step to tlio otl»er— Analysis of the paeea 
Iiy means of the notation rule— Synthetio re|iroduution of thu 
diiferent poers of the homo. 

OF THP, nAT.r.0P. 

SevEBAt diffwont papox, the common clinractor of wItiVh in 
that irregular impacts return at regular intervals, are compn;- 
hended uMer this name. Most of tlie writers distinguish 
three kiuds of gallop Ity tlio rhythm of tho imparts, anil 
name them, according to this rhythm, gallop in fire, f/irw, 
nnd/our time. The most ordinary hind » tho gallop in tlireo- 
time ; this \re simll study in the first place. 

Eirpirimeiita on tht gallop, h'ig. 55 has hecn obtained iVom 
a horse which galloped in three-time. At first sight, the 
notation of this pneo reminds us of that wliirh we have 
represented when speaking of lintnan gallop (fig. 38, p. 134), 
a pace used by children when *' playing at horses.'* It 
appears that tho notation of the horse’s gallop has been 
obtained by plocing one over another two of theta notations 
of the biped gallop ; so that, in fact, the comparison used by 
Dnges is {terfectly jiiNt, oven when it is applied to tho gallop. 

A»atg$i$ of the tracing. At tho comuiencewent of tlio figure, 
the animal is suspended above tho ground ,* then emnoH tho 
impact 1* 0, whidh announces that tho loft hind* foot toiu-UrH 
the ground. This is tho foot diagonally opposed to that which 
the horse places forward in tho gallop, and whoso im|>act A I> 
will bo produced the lost. Hetween them two impacts, and 
distinctly in the middle of tho interval which separates them, 
comes the simultaneous impact of tho two feet forming tho 
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Agonal biped. The supetposition of the notations A G, 
P D, dearly shows this eyndhromsm. 



, 55.~Tnditgs ind notatlnn of the f^aUi^ln fhrae-fiino. B, cmre of ve*«otloDs taken at the irithers. The currea 
of the xe-actiun« of the f**et h'lve h enii^(iHr>it*t«* extent viiich ehtovn the fi^ree of the |'reh:!ure3 on the ground. The 
boRte used for this experiment gaUc^ied with the foo^ as seen In the notation. 
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In this series of movements the ear has, therefore, dis- 
tinguished throe sounds, at nearly equal intervals. The first 
sound is produced by a hinder foot, the second by a diagonal 
biped, the third by a fore-foot. Between the single impact of 
the fore-foot, which constitutes the third sound, and the first 
heat of the pace which follows, reigns a silence whoso dura- 
tion is exactly equal to that of the three impacts taken 
together ; then the scries of movements tocommences. 

By tlic inspection of the curves, we see that the jircssun* 
of the feet on the ground must btj more enorgetifi in the 
gallop than in the other paces already reprcKontod, for th«* 
height of tho ctirvea is evidently greater than f*»r the tr<*<, 
and especially so as c'oinparod witli tho walk. In fact, tie* 
animal must not only «iipia)rt the weight of its body, but give 
it violent forward itai»nlse«. The grcjutest energy snemH t»* 
belong to the first impa<*t. At this moment, the body, raised 
for an instant from tho ground, fuUs again, and one log 
alone sustains this shock. 



{ in yio.— in tlimM tiu<i <A) Inilimtidn ut thmstitne U. intliimUun 

iff aufiilMtr Ilf foifc wht(<a liinii Utti <iup|*ort of tli« body «t«Robiniititiit 
«if tbd iti thinni Ovtit 


If we wlfih to Uiko nmmnl of tlte AttRcetwive prmum wliicii 
suRtain tlie body daring mch of tho stepa in tho gallop, wo 
have tmly to divide tho duration of this pace into HuocoHRivo 
isotantR in which tho kuly in Roniotiinon supported on one or 
on Rovoral fitot, and Romotimes MiHiwmd<*d. The notation (liK- 
Mi) allows us to fidlow in (A) tho suntcdsion of impactR, aiut 
shows in (11) tho miccoHsion of tl»o limbs which cause thORO 
pressures on tiio ground. 

If we wish to ascertaiu wlwt are tlto rr-artirmH prudueod at 
tho withers, we see litem nipresunted in iJg. •lit (uitper line It). 
Wu itud an andolatotjr elevation, which lasts all the time 
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that the animal touches the ground; in this elevation are 
recognised the eflfects of the three impacts, which give it a 
triple undulation. The minimum elevation of the curve cor- 
responds, as in the trot, with, the moment when the feet do 
not touch the groimd. Therefore, it is not a projection of the 
body into the air which constitutes the time of suspension in 
the gallop. Lastly, by comparing the re-actions of the gallop 
with those of the trot (fig. 45), we see that in the gallop the 
rise and fall of the body are effected in a less sudden manner. 
These re-actions are, therefore, less jarring to the rider, 
though they may, in fact, present a greater amplitude. 

Piste of the gallop in three-time , — According to Curnieu, this 
piste is the following ; — 



7io. 57.— 'Pluto of tho Abort giillop in throo-ttnio. Tho binder foot* wboso 
prints havo tho form of »n u, roiujh tho growf I in front of tho printH of 
tho foro foot Tho latter hnvo boon roiiroHontcrl by a fom oomewl lat Uko 
anO. 

The piste of the gallop varies accorfling to tho speed. In 
tho »hort gallop of thie riding sohool, tho hind-feet leave their 
prints h^ind those of tho fore-feet ; in the rapid gallop, on 
the contrary, they come in &ont of the prints of the fore-feet. 
A horse wMch, in the pace of the riding school, gallops 
almost entirdy within his own length, wil^ when started at 
Ml gallop, cover an enonnons space. According to Curnieu, 
the Mnous Belize covered 22 English feet. The following 
is the piste which this very rapid pace leaves on the ground : — 



Pm. tS.~ Flite <rf IkSpi^i I(*U<>t>> ftom Cimllou, Tlio of tho hind- 
fuot are very fox boforo ttioao of tho foro-fcot. 


TUpmemtadon of a horse gaUepirip.—VoT this representation 
wo win give three attitudes, differing much from each other, 
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and corresponding nearly with the three kinds of time found 
in this pace. 



1 1 » pIlMjtlnflr liiOmnMt tiroofrlulit tlm hln»l 

*** ***» nuiAti.111. corraniMtvi^ 
with tho iiihttuit >«t wliitth Uio hyrK4 lx s«i.twvnt(t(L 


In tho first time, fig, r»t>, iho left }und»fcK)t, on M'lut h tho 
liorso has Jtint rh^cundod, almio rests on tho ground. 

In the settond time, fig, fiO, the left dinguiml hijHHl has just 
finished its impact, tho right fore-foot is ulmut to reach the 
groimd, the left hind-loot has just riw n, 

Tho third tinio of the gallop, fig, 0 1 , 1ms heon drawn as 
well as tho otliers t*y Mons. Duhousm^t «i<*c*c»rdiiig to the nota- 
tion; tho moment chosen Is that in which the right foot 
alotto rests on tlie ground* end is olmnt to iiso in its tusu. 
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The figure 'which represents it is rather strange ; the eye is 
but little accustomed to see this time of the gallop^ whioh is 
doubtless very rare. When considering this ungraceful figure, 
•we are tempted to say with De Cumieu, ‘^the province of 
painting is what one sees, and not what really exists.” 

The gallop in four-time dijSfers from that which has just 
been described only in this point, that the impacts of the 
diagonal biped, whioh constitute the second time, are disunited 
and give distinct sounds ; we see an example of this in fig. 62. 



Fio. GU.— Notation f)f thoffiillop In ii>ur>tiino rA)dotonninftUoii of moh 
of ilio Riiccoiwivo tinu m (HT (lotermiiiatwn of tUo ntinilior (*f foot wliinh 
Hupport tbo at o.iuU i&Htiuit. 


According to this notation, the body, «t first snsponrled, is 
borne successively on one f<K>t, on three, on two, on three, and 
on one, after which a now ttu^pensioix recommences. 

0/ the full ffttUap . — ^'riiis vmy rapid pmjo could not l>o 
studied by means of the apparatus which we have employetl 
hitlierto. It was necessary to f^onstruct a special registering 
instrument, and new experimenhil apparatus. 

To leave the two hands of the rider free, the registering 
mstrument was enclosed in a flat box, attached to the back of 
the horseman by straps like the knapsack of the soldier. Wo 
shall not attempt the detailed description of this instrument, 
which carried five levers, tracing on smoked glass the ctirves 
of the action of the four logs, and the reaction of the withers. 
The violence of the impacts on the grotmd is such tluit tliny 
would instantly have broken the apparatus before omployod. 
We have substituted for this a copper tube, in which moves a 
leaden piston, suspendfHl })etwceu two spiral spritigs. Tito 
shocks given , to this piston at each footfall, produce an effect 
like that of an ait'-pump acting on the registers. A ball of 
india-rubber, whidh can be pressed Itetween the teeth, sets ilus 
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register going, and allo’sc’s the tracing to he taken at a suitable 
time. 

Through the kindness of Mens. H. Delamarre, -who placed 
at our disposal his stables at Chantilly, we have been able to 
procure tracings of the full gallop, of which the following is 
the notation ;~ 



KlO. uf full i >-uuwtiuimof tumjhiu 


It is seen &at this pace is, in reality, a gallop in four-time. 
The impacts of the hinder Umbs, however, follow each other 
at such short intervals, that the ear can only distinguish one 
of them I but those of the fore-legs are noticeably more dis- 
sociated, and can bo heard separately. Another character of 
the full gallop is, that the longest period of silence takes 
place during the pressure of the hinder limbs. The time of 
suspension appears to be extremely short. 

To got the best possiblo results from these experiments, it 
would bo necessary to repeat them on a great number of 
horses, and to ascertain whether there may not be some rela- 
tion between the rhythm of the impacts and the other 
characters of the pace. We must leave this task to those 
who especially addict themselves to the study of the horse. 

Lastly, let us add, that the re^actumSf in full gallop, ropro* 
duce with grout exactness the rhythm of the impacts. Thus, 
it is oliscrvcd, that at the moment of the dmost syn<hronouH 
impacts of the two hinder limbs, there is a sharp and pro- 
longed re-ttction, after which two loss sudden ro-actxons take 
place, each of which corresponds with the impact of one of 
the fore-legs. 

The line plocied above %, 63 is the tracing of tlie re-actions 
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^ of the withers. This curve, being placed above the notation, 
enables us, by the superposition of its various elements, to 
notice with which impact of the limbs each re-action cor- 
responds. 

or THE TRANSITIONS BETWEEN THE BIEFERENT KINBS 
OF PAGES. 

An observer finds great difficulty in ascertaining, how one 
kind of pace passes into another. The graphic method fur- 
nishes a very easy means of following these transitions ; this 
will perhaps be not one of the least advantages of the employ- 
ment of this method of studying the paces of the horse. 

In order thoroughly to understand what takes place in these 
transitions, we must refer again to the comparison made by 
Dugds, and represent to ourselves two persons walking, and 
following each other’s footsteps, both in the trot and the 
gallop. In these continued paces, these two persons present 
a constant rhythm in the relation of their movements ; while, 
in the transitions, the foremost or hindermost person, as the 
case may be, quickens or moderates his movements so as to 
change the rhythm of the footfalls. Some examples will 
render tliis more evident. i 

The principal transitions are represented in page 174, 

Fig. 64 is the notation of the trariBition from the voaUdng 
giace to the trot. The dominant character of this change, inde- 
pendently of tlie increase of rapidity, consists in the hinder 
impacts gaining upon those of the fore-limhs ; so that the 
impact of the left liind-foot, P G, for instance, which, during 
the walking pace, took place exactly in the middle of the 
*duration of the pressure of the right fore-foot, A D, gradually 
advances till it coincides with the commencement of the 
pressure A D, and with the impact also, at wliich time tlio 
trot is established. 

Fig. 66 indicates, on the contrary, the transition from the 
€rot to the walk. We see here, in an invei^se maimer, the 
diagonal impacts, synolironous at first, become more and more 
separated. A dotted line, whicli unites the left diagonal 
impacts, is vertical at the commencement of the figure in the 
'jgQxt which corresponds with the pace of the trot ; by degrees 
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this line hecomes oLlique, shoTring that the i^chronism is 
disappearing. The direction of the obliquity of this line 
proves that the hinder limbs grow slower in their movements 
in passing from the trot to the walk. 

In the ^passage from the trot to the gallop the transition is 
Tery curious ; it is represented by the notation, fig. 66. We 
see, from the very commencement of the figure, that the trot 
is somewhat irregular ; the dotted line which unites the left 
diagonal impacts A G, P D, is at first rather oblique, and in- 
dicates a slight retardation of the hind-foot. This obliquity 
constantly increases, but only for the left diagonal biped ; the 
right diagonal biped A D* P G, remains united, even after 
the gallop is established. The transition from the trot to the 
gallop is made, not only by the retardation of the hind-foot, 
but by the advance of the fore-foot, so that two of the diagonal 
impacts, which were synchronous in the trot, leave the greater 
interval between them ; that which in the ordinary gallop con- 
stitutes tlie great silence. An opposite change produces the 
transition from the gallop to the trot^ as is seen in fig. 67. The 
transition from the gallop in four-time to that in three-time is 
annde by an increasing anticipation of the impacts of the 
hinder limbs. 

SYJJTnUTIC STUDY OP THB PACES OP THE HOBSE. 

Tlio analytical method to which we have hitherto had 
recourse in describing the paces of the horse may have left 
anaiiy things obscure in this delicate question. Wo hope to 
clear them up by recurring to the synthetic method. 

When tracing, at tlie commencement of this study, the 
nynoptical table of the different paces, we classed their nota- 
tions in a natural series, the first term of which is the amble, 
and in wliich the difference between one step and the next 
consists in an anticipation of the action of the hinder limbs. 
This transition is jtist what is observed in animals. A drome- 
dary, for instance, whose normal pace is the broken amble,* 

* Through the kimlness of Mona, aooffby St. Hilairo, director of the 
«,Turdin d’Acolimatation,” we have hcon permitted to study the paces of 
difil'vont quadrupedn, and especially those of the large dromedaty which 
that garden possesses. 
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has given us the whole series of notations, which^ in our 
synoptical table, separate No. 2 from No. 8. When urging 
on the animal and forcing him to trot, he first broke his amble 
in an exaggerated manner, then he began -to walk, and after- 
wards commenced an irregular trot, which soon became a free 
trot. We have just seen that the paces of the horse are formed 
in the some order when the animal passes from the walk to 
the trot. 

When a horse begins to move more slowly, the change of 
pace is effected in an inverse manner ; the paces succeed each 
other by running up the series represented in the plate. 

The greater or less anticipation of the action of the hinder 
Embs is represented in the plate by a sliding backward of the 
notation towards the left of the figure. This fictitious sliding 
may become real by using a little instrument, which enables 
us to understand and explain very simply the formation of the 
different paoes* It consists of a little rule, somewhat anolo- 
goxxs to the sliding rule used in calculation, and which carries 
the notations of the four limbs on four little slips, which can 
glide side by side, and be arranged in various positions. 



Fio« OB.— Notation rulo, to repreteut tho difforont p(u.m 

J^gs. 68 aad 69 sltow the arrangement of this little instru- 
ment. Let us imagine a rule m^e of bla(^ 'trood, having 
four nsrrow grooves, in ‘whioh. slip lading portions, alternately 
black and white, ox grey and black, in order to represent the 
notation of the amble, as in No. 1 of the plate. If we push 
towards the left the two lowest slides simultaneously (fig. 68), 
we shall form, according to the amount of displaoemont, one 
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or other of the notations in the table of regular paces. A 
scale, marked 1, 2, 3, 4, &c., up to which we can bring the 
mark representing the left hinder impact, allows us to form 
without hesitation any notation whatever. 

To form the notations of the gallop, it is necessary to shift 
the slides corresponding with the fore-legs, so as to make 
them encroach on each other as is seen in notation, fig. 69. 



Teg. 69 .— Notation rulo fonning the ropresentoUon of tlio gallop ia 
time. 


The notation rule is thus used. When we are sure that 
the pace is regular, it is sufficient, for instance, to examine 
the impacts of the two right feet, in order to construct the 
whole notation. According as the hinder impact is «ynohro- 
nous with that in front, or precedes it by a quarter, half, 
three-quarters, or the whole of the duration of a pressure, we 
place the two lower slides in the position which they ought to 
occupy, and the notation is thus simply constructed ; it shows 
the rhythms of the Impacts, the duration of the lateral and 
diagonal pressures, &o. The construction of the various 
paces of the gallop is effected in the same manner. 

The artist who wishes to represent a horse at any instant 
of a particular pace, can thus easily determine the correspond* 
ing attitude. He forms on his rule the notation of the pace 
of the horse which is to be represented. Then, on the length 
which corresponds with the extent of a single pace in tliis 
notation, he erects a perpendicular line at any i>oint. Tliis 
Hue corresponds with a certain instant of the pace. Thus, as 
he can trace, on the length corresponding witlr a single pace, 
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an indefinite number of perpendicular lines, it follows that the 
artist may choose in the duration of any pace, in any kind of 
locomotion, an indefinite number of different attitudes. Sup- 
pose him to have made liis choice, and that he wishes to 
repi'esent in the kind of pace (fig. 68), the instant which is 
marked by the vertical line 7, the notation will show him that 
the right foi'e-foot has just been placed upon the groimd, that 
the left fore-foot is therefore beginning to rise, that the right 
hind-foot is almost at the end of its pressure on the ground, 
and that the left hind-foot is near the end of its rise. All 
that is necessary, in order to represent the animal exactly, is 
to know the attitude of each limb at the different instants of 
its rise, fall, or pressure, which is a comparatively easy matter. 
But the artist, guided by this method, will thus inevitably 
avoid altogether those fali^ attitudes w4ich often cause repre- 
sentations of horses to be so utterly unnatural. 

yroirnus AnjtANaKi) tro show the paces op the hoesb. 

IMons* Mathias Buvul has undmtakon to make, in order to 
illustrate the, locomotion of the horse, a series of pictures, 
which, seen ]\y means of the isootrope, represent the animal 
m if in motion in the various kinds of paces. This ingenious 
physiologist formed the idea of reproducing in an animated 
form, m it were, that which notation lias done for the rhythm 
of the movoiueuts. The following is the anungement which 
ho ojnployed, ilo first drew a series of figures of the horse 
taken at difi«u*ent instants of an ambling pace. Sixteen suc- 
figures euublod liim to represent the series of positions 
which oatih limb succmsivoly assumes in a pace belonging to 
this kind of locomotion. This baud of paper, when placed 
in the instrument, gives to the eye the appearance of an 
ambling hoi*8e in actual motion. 

We have said that all the walking paces maybe considered 
m derived from the amble, with a more or less anticipation of 
the a<;tion of tlie hind limbs. Mons. Duval has realised this 
in his pictures in the following manner. Each plate, on 
which has Imn drawn the series of pictures of the ambling 
hurHo, is formed of two sheets of paper placed the one on the 
other. The upper one has in it a number of slits or openings, 
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so that each horse is drawn half on this sheet, and tlio other 
half on that which is placed beneath. The hind quarters, 
for example, having been drawn on the upper sheet, the fore 
quarters are drawn on the under sheet, and are visible through 
the portion cut out of the upper sheet. Lot us suppose that 
we cause the upper paper to slide as far as the interval which 
separates two tiguros of the horse, wo shall havo a scries of 
images in which the fore limbs Avill fall back a certain dis- 
tance towards the hind limbs. Wo shall thus represent, 
under the form of pictures, what is obtained under the form of 
notation, by slipping the two lower slides of the notation rule 
one degree. And as this displociomont to the distance of ono 
degree for oaoli of the movements of the hinder limbs gives 
the notation of tho broken amble, we shall obtain, in the 
dgures thus drawn, the series of tho successive positions of 
the paces of the broken amble. If tho paper bo made to slip 
a greater ntimber of degrees, wo shall have the series of atti- 
tudes of tho horse at his walking pace. A still greater dis* 
pla(?oment vrill give tho attitudes of the trot. 

In all those cases, those figures, wdufu pluml in tho insirii- 
xn**ut, make the illuMUUi c*oiiiplot«*, and shtuv us a horse which 
ttuibloM, walks, trots, as tho ouso may ho. 1‘luni, if wo 
2 t*gulato tho HwlftuoHs of tho rotation given to tho instrument, 
W'o rrjnder tlio mov<»Taents whicli tho animal seoms to exoruto 
more or less rapid, wlikli will permit tho inexperienced 
observor to full<jw the series of positions of each kind of pm‘o* 
and Hoou etiabh; him to distiuguish with the eyo a Hories of 
movements in the living animal which ap{)oar at first sight to 
be in absolute <'Oufusion. 

Wo hope timi these jdates, though still somewhat defective, 
will soon bo sutfieumtly perfect to bo of real use to iliost) who 
ore engogetl in the artistic representatlozi of tho horse. 

After those studies of terrestrial locomotion, we ought to 
explain the meclmnisui of aquath heoMotioH, Homo recent 
experiments of Mens. (!lotii have thrown groat light on tho 
propulsive action of the tails of fishes ; not that tlioy have 
overtlirowu the theory held ever since tho time of Horelli^ 
eonooming the mechanism of swimming, but they have ep* 
proachod the question in another manner, that of lb# syntbetio 
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reptodactioix of this phenomenon. This method will certainly 
permit xlb to determine, with a precision hitherto unknown, 
hoth the motiye work and resistant work in aquatic 
locomotion. It will, therefore, be advisable to wait for the 
results of experiments which are now being made, and 
which will bo of equal service both to mechanicians and to 
physiologists. 
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CHAPTER I. 

OF THE FLIGHT OF INSECTS. 

Frequency of the btrokes of the wing of ineecta during flight ; acoustto 
dotemiuation ; graphic determination — Influences which modify the 
frequency of the movements of tlie wing— Synchronism of the action 
of the two wings— Optical determination of the movements of the 
wing ; itstngectory ; changes in the plane of the wingj direction 
of the movement of the wing. 

In ten*estrial locomotion we hare been able to measure by 
experiment the pressure of the feet on the ground, and hence 
wre have deduced the intensity of the re-aotious on the body 
of the animal. These two forces were easily ascertained by 
direct measurement. In the problem which is now to occupy 
us, the conditions are very different, The air gives a certain 
resistance to the wings which strike upon it, but it is a resis- 
tance every instant yielding, for it is only in proportion to the 
rapidity with which it is displaced, that the air resists the 
impulse of the wing. When we study the phenomena of flight, 
it is therefore necessary to know the movement of the wing in 
all the phases of its speed, in order to estimate die resistance 
which the air presents to that organ. We will propound in, 
tlie following order tlie questions w^hich must be resolved. 

1. What is the frequency of the movemoixts of the wing of 
insects? 

2. What are the successive positions which the wing occu- 
pies during its complete revolution ? 
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8. How is the motive force which sustains and transports 
the body of the animal developed ? 

1. Frequenaj of the movements of the wing of insects . — ^The 
frequency of the movements of the wing varies according to 
species. The ear perceives an acute sound dtiring the flight 
of mosquitos and certain flies j there is a graver sound during 
the flight of the bee and the drone fly ; still deeper in the 
macroglossm and the sphingidee. As to the other lepidoptera, 
they have, in general, a silent flight on account of the few 
strokes wliich they give with their wings. 

Many naturalists have endeavoured to determine the fre- 
quency of the strokes of the wing by the musical note pro- 
duced by the animal as it flies. But in order that this deter- 
mination should be thoroughly reliable, it must be clearly 
established that the sound produced by the wing depends 
exclusively on the frequency of its movements, in the same 
manner as tlie sound of a tuning-fork results from the fre- 
quency of its vibrations. But opinions differ on this subject ; 
certain writers have thought that during flight there is a 
movement of the air through the spiracles of insects, and that the 
sound which is heard depends on these alternate movements. 

Withotit giving our adherence to this opinion, which 
seems to be contradicted by many facts, we think that the 
acoustic method is insufflcieut to furnish an estimate of the 
frequency with wliich the wing moves. The reason which 
would induce us not to employ tliis method, is that the 
musical note produced by the flying insect is varied by other 
iniluences besides the changes in the strokes of the wing. 

When we observe the buzzing of an insect flying with a 
uniform rapidity, we perceive that the tone does not continue 
constantly the same. As the insect approaches the ear, the 
tone rises; it sinks as it goes farther from us. Something of 
an analogous kind happens when we cause a vibrating 
tuning-fork to pass before the ear ; the note at flrst becomes 
more shrill and then more grave, and the difference may 
attain to a quarter or even to l«Jf a tone. We must, there- 
fore, take care tliat the insect on which we experiment should 
be always at the same distance from the observer. This dis- 
turbing x>henomenon, however, presents no real difficulty of 
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interpretation; Pidco, the German •writer on acoustics, has 
perfectly explained it. There is no doubt that the vibrations 
always follow each other after the same interval of time ; when 
a vibrating plate remains at the same distance fcom the ear, 
the vibrations require the same time to reach us, and the 
phenomenon, uniform for the instrument, is uniform also for 
our organ. On the contrary, if the instrument be brought 
rapidly nearer, the •vibration which is produced every instant 
has less space to traverse before it reaches tlie lympanum ; it 
thus approximates to that which preceded it, and the sound 
gro'w^s sharper. If the instrument be removed to a greater 
distance the vibrations are more extended, and the tone be- 
comes more grave. Every one has remarked, when travelling 
on a railroad, that if a locomotive passes us while the driver 
is soxmding the whistle, the sharpness of the tone increases as 
the engine comes nearer, and becomes graver when it has 
passed by us, and the ^yhistle is rapidly carried to a greater 
distance. 

From these considerations we must be convinced that it is 
very difficult to estimate from the musical tone produced by 
a flying insect, the absolute frequency of the strokes of its 
wings. This depends to some extent on the variation of the 
tone thus produced, which passes at each instant from grave to 
sharp, according to the rapidiiy and the direction of the flight. 
Besides this, it is not easy to assign to each wing the part 
which it plays in the production of the sound. We have also 
to take into consideration that the wing of an insect may, 
brushing through the air as it flies, be subjected to sonorous 
vibrations much more numerous than the complete revolutions 
which it accomplishes. 

The graphic metlxod furnishes a simple and precise solution 
of the question; it enables us to ascertain almost to a single 
beat the number of movements made per second by an insect’s 
wing, 

ExperimmU — A sheet of paper blackened by the smoke 
of a waac-candle, is stretched upon a cylinder. This cylinder 
turns uniformly on itself at the rate of a turn in a second 
and a-half . ' 

The insect, the frequency of the movement of whose wings 
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is to be studied, is teld by the lower part of the abdomen, in 
a delicate pair of forceps ; it is placed in such a manner &at 
one of its wings brushes against the blackened paper at every 
movement. Each of these contacts removes a portion of 
the black substance which covers the paper, and, as the 
cylinder revolves, new points continually present themselves 
to the wing of the insect. We thus obtain a perfectly regular 
figure, if the. insect be held in a steadily fixed position. These 
figures, of which we give some examples, diJBfer according as 
the Contact of the wing with the paper has been more or 
less extended. If the contact be very slight, we obtain a 
series of points or short cross-lines, as in fig. 70 . 



70.— Showing the froquonoy of thtt etrukoH of tho wwiyof ft clroiic-Hy 
(the throe wpjwr liuo»), and or a boo (the lower dotted UnoX TJiu fonitii 
lino iH imjduced by the vlbnitious of a chrononraphic tuninjj-fork, fur. 
idehed with a style which rogistora 2&0 double vllwatlons i>er Mueoud. 

Knowing that the cylinder reTolros once in a second and 
a*half, it is easy to see how many revolutions of the wing 
axe thus marked on the whole oiroumference of the cylinder. 
But it is siill more convenient and accurate to make use of a 
dironographio tuniug-fork, and to register, near the figure 
traced % the insect, the vibrations of the style with which 
the tuning-fork is fiimished. 

Pig. 70 diowB, by the side of the tracing made by the 
wing of a drone-fiy, that of the vibrations of a tuning-fork, 
which executes a double oscillation 250 times in a second. 
This instruihent, enabling us to give a definite value to any 
portion of the tracing, shows that the wing of the drone per- 
formed firom 240 to 250 complete revolutions pet second. 
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Inflaencei tthich modify the frequency of the movemente of the 
ijcing .— Since we know the influence of resistance to the rapidity 
of the movements of animals, we may suppose that the wing 
wliich rubs on tlie cylinder has not its normal rate of motion, 
and that its revolutions are less numerous in proportion ns 
the friction is greater. Experiment has confirmed tlris opinion. 
An insect performing the movements of flight by rubbing its 
wings rather strongly agjainst the paper gave 240 movements 
per second ; by diminishing more and more the contacts of 
the wing witiiii the c)’Under, we obtained still greater numbers 

282, 805, and 821. This last number may perhaps ex» 

press with sufilcient accuracy the rapidity of the wing when 
moving freely, for the tracing wjts reduced to a series of 
scarcely-visible points. On the contrary, as the wing rubbed 
more strongly, the frequenty of its movements was reduced 
below 240. 

Arifttw modifying cause of the frequency of movement in 
the wing is the amplitude of these movements. AVe must 
compare iliis cause with the •preceding, flnr it is natural to 
admit that great movements meet with greater resistance in 
tlie air than smaller ones. 

When we hold a fly or a drone by the forceps, we see that 
tlie animal executes sometimes strong movements of flight ; 
we then hoar a grave sound; but occasionally, when its wing 
is only slightly agitated, we |ierceivo only a very shrill tone. 
That which tlie ear reveals to us with regard to the difference 
in the frequency of the strokes which the insect gives with its 
wings, is entirely confirmed by the experiments which we 
have made grax>lueally. 

filmnamg tile instants when the insect is at its strongest 
flight, and also when it gently flutters its wing, we find that 
the frequency varies within very c.xtem>ive limits, neurly in 
the proportion of one to iliive —the least frequency belonging 
to the movements of greatest amplitude. 

The different tpedet of insects on which we have experi- 
mented, presented also veiy grout variutions in the rapidity of 
the movements of their wings. AVo have endoavour^ as ihr 
as possible to compare the different s|icoie8 under similar con- 
ditions, during their swiftest flight, and with sliglit friction 
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on the cylinder. The following are the resolte obtained as 
the expressions of the number of moTements of the wing per 
second in each species 


Common fly S30 

Drone>fly . . . . . . 240 

Bee 190 

Wasp 110 

Humming-bird moth (Macroglossa) . 72 

Dragon-fly . . . •. . . 28 

Butterfly (Pontia Bapse) . . . 0 


Si/nchronitm of the action of the two Kings. — By holding the 
insect in a suitable pomtion we can make both wings rub oa 
the cylinder at tlie same time. It is then seen, on the 
tracing, that the two wings act simultaneously, and that both 
perform the same number of movements. Independently of 
this, w’e may easily convince ourselves that there must neces- 
sarily be a similar motion in both wings. 

If we move one of the wings' of an insect recently killed, 
we shall find that a similar movement is given, in a certain 
degree, to the other corresponding wing ; if we extend one 
wing laterally, the other is also extended, if wo raise one up, 
the other rises. The wasp is well suited for this experiment. 

Still, in cuptivo flight, certain insects can perform great 
movements with ono of their wings, while the other only exe- 
cutes slight vilirntiuns. The dung-fly, for instance, usually 
afreets this kind of alternate flight; when it is held withtho 
f«»rc(>ps, its two wings rarely move together. The sudden- 
ness and the unforeseen condition of these alternations, and 
the violent delations which they give to the axis of the body, 
have prevented ns from taking the simultaneous tracings of 
the movement of its two wings, and flrom ascertaining whether 
the synchronism continues un^r these conditions, in spite of 
tlw unetiual amplitude of the movements. 

The preceding figures show the regular periodicity of the 
movements of insect flight, bnt they also prove that the 
graphic method cannot represent flie whole course of the wing, 
ibr this organ can only be tangential to a certain porUon of 
the surihoe of the cylinder. Whatever may bo the movements 
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M'hich the wing describes^ its point evidently moves on the 
surface of a sphere, the radius of which is the length of the 
wing, and the centre at the point of attachment of this organ 
with the mesothoraac. But a sphere can only touch a plane or 
convex surface at one point; thus, we only obtain a number 
of points for a series of revolutions of the wing, if the turU' 
ing cylinder be only tangential to the cxtri^mity of tlus \ving. 
More complicated tracings can only Im obtained by more 
oxtensive contacts, in whidt the wing bends, and thus rubs 
a portion of its surfaces or its edges on tlu^ Idackened paper, 

AVo w’ill explain the means by which the grnpldc method 
mn servo to determine the movomontH of the wing, but let 
us first show the results obtained by another method, in 
ord(*r to r<‘iider the explanation more clear, 

!2. Opticfd viHlwd of tha determimthn af tkn mot* 0 nwntM of 
the triittf, — Having being convinci»d by tho former oxpori- 
lucnls, of the regular piudodicity of tlieso movemciits, we Imvo 
tliongiit it possible to deterininti their nature by the eye, In 
iac't, if w*e can attach a brliUiint spot to tho extremity of the 
wing, this spot passing (continually through tho same space 
would leuvtj a lununouH truce which would produce n figure 
(joinpb'ti'ly regular, and free from the di^formity incident to 
that oflbt'tcd hy the friction on tho cylinder. This optical 
nudhorl has already been employed for a aimilar purpose by 
‘Wheatstone, wlio placed brilliant metallic balls on rt^ pro<* 
during (;omph;x vibrations, afid thus obtained lumitious 
figures varying according to the dilTerent combinations of the 
vibrating movemontH. 

By fixing a small pimx)of gold-leaf at tho extremity of the 
wing of u wasp, and throwing upon it a ray of the sun wdiile 
the insect was executing tho moveinonts of fliglit, we have 
obtained a brilliant image of tho 8um»SHive positiouH of the 
wing, whitth gave nearly tho appearance represontod in 
fig. 71, I 

Tliis figure shows that tho point of the wing dos(*i ilms a 
very elongated figure S ; soinotimes, indeed, the wing seems 
to move entirely in ono plane, and tho instant afterwards the 
toriuinal loo}>i which form the 8 aro seen to open more anil 
more. When the opening becomes very large, ouo of the 
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loops usually predominates over the other ; it is generally the 
lower one which increases while the upper diminishes. Indeed, 
by a' still greater opening, the figure is occasionally trans- 
formed into an irregular elHpse, at the extremity of which we 
can recognise a vestige of the second loop. 


/ 

/ 


/ 


71. ApimuTHnco «if a \vm\u tho ojttromlty of oiwli «»f vho-H) luirfiT 
vvlngn luM iMiuii gilUttU. lliu Ih uiipiJonoU to Iw iibiCdd In a huu 
Ikuio. 

We thought that we hiul beou the first to point out the form 
of the tn^octory of the wiug of the inseut, hut Ur. J. li. Petti- 
grew, on KngUsh author, informs xis that ho hod already 
meniiDned this figuro of 8 appearance described by the wing, 
and had xepreeeutefl it in the plates of his w'ork* It will 
be seen presently that, notwithstanding this apparent agree- 
nirat, our theory and that of Ur. Pottigrow differ materially 
from <‘ach otiter. 

Change* of the ptaiie of the teing . — ^Tho luminous appearance 
given during flight by the gil^d wing of an insect, shows 

• On tJin Mrcliimicttl A]ip{iaiicra l>y wiiirfi Flight in Mninlniiied iu the 
jViiltAdl Kiugihna. Tnuniact. id Linumu StK'intjr, 1867i !>■ 
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'besides, that during the altemato moroments of fight, the 
plane of the tring dianges its inclination mth re^^ct to the 
axis of the insect’s body, and that the upper surface of the 
wing turns a little backward during the period of ascent, 
whilst it is inclined forward a little during its descent. 

If we gild a large portion of the upper surface of a wasp’s 
wing, taking precautions that the golddeaf should be limited 
to this surface only, we see that the animal, placed in the sun’s 
rays, gives the fgure of 8 with a very unequal intensity in 
the two halves of the image, as represented in fig, 71. Ihe 
figure printed thus 9 gives an idea of tlie form which is then 
produced, if we consider the thick stroke of this character as 
corresponding with the more brilliant portion of the inu^, 
and the thin stroke as representing the part which is Jess 
bright. 

It is evident that the cause of the {dienomenon is to be 
found in a change in the xilane of the wing, and consequently 
in the incidence of the solar rays ,* being favourable to their 
reflection during the pwiodof ascent, andun&vourable during 
the descent. If we turn the animal round, so as to observe 
the luminotu figure in the opposite direction, the 8 w^ then 
present tbo unequal splendour of its two halves, Itot in the 
inverse direction; it becomes bright in tlm portion before 
relatively obscure^ and vied vdni. 

Vfv shall find in the 6m;0oyment of the graphic method, 
new proofs of changes in the plane of the wing during flight. 
This phenomenon is of great importance, for in it we eeem to 
find the proximate cause of the motive fluoe which urges for- 
ward the body of the insect. 

In order to verify the preceding experiments, and to assure 
ourselves BtiU more of tlie reality of the displacement of the 
wing, which the optical method lias revealed to us, we have 
introduced the extremity of a small pointer into the interior of 
the figure 8 described by the wing, and we have proved that 
in the middle of these loops there really exist tm spaces of 
the form of a flmne!, into which the pointer penetrates with- 
out meeting the wing,, whilst, if wo try to pass the intersection 
where the Unes cross each other, the wing immediately etrikee 
against the pointer, and the flight is interrupted. 
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Gra^ifhic fiiethod employed for Uu deteimiination of Hie move^ 
we fits of the preceding experiments throw great light 

on the traces which we obtain by the friction of the insect’s 
wing against the blackened cylinder* Although the figures 
thus produced are for the most part incomplete, we are able, 
by meati)9 of their scattered elements, to reconstruct the figure 
which has been shown by the optical method* 

It is to be remarked that without sensibly interfering with 
the movements of the wing, -we can obtain traces of seven or 
eight millim*, 27 in* when the wing is rather long. The slight 
flexure to which the wing is subjected allows it to remain in 
contact with the cylinder to that extent ; we thus obtain a 
partial tracing of the movement ; so tliat if we are careful to 
produce the contact of the wing with the cylinder in different 
parts of the course passed through by the limb, we obtain a 
series of partial tracings w^hich are complomentozy to each 
other, and thus allow us to deduce from them the ibrm of a 
iwfeet curve of the revolution of a wing. Suppose, then, 
that in fig* 71, the curve described by the gilded wing is 
tlivided by horizontal linos into three zones : the upper one, 
formed by the upper loop ; that in the middle, comprehending 
the two branches of the 8, crossing each other and forming a 
sort of X ; the low’er one including the lower loop. 

By registering the movement of the middle zone, we get 



figures somewhat resembling each other, in which the lines, 
placed obliquely with respect to each other, cut each other. 
This is the case in fig. 72, the middle region of tlie tracing 
of a iKje, and in fig. 73, the middle portion of that of a 
hummiug-*bird moth* 
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The upper zone of the revolution of the ving gives tra^xng^ 
analogous with that of fig. 74, in which the upper loops of tU« 
8 are' plainly visible. The tracmgs of the zone which oorre* 



Vin, 73.— TW'lnf? of iho mlHdlo ttmo In tho f*oun»t» d<wrib<*d by the of 
a hnmniinff-bird znoib. Tho nnmormiK 8t«»koH »*f which thin tracing It* 
furmod, aniw mm tho oxtroniity of tho wiiiic Udntf sikI iiruNtiit- 

ingaroughinirfuco 


spoods with the lower eourm of ilii> win;' giro oleo InopK like 
those of the upper arch (fig. 7fi rIiowb a apeoimoa of them) j 
so that the figure 8 of tho tracing can bo rcprodnrml by 



bringing together tlio tlmso fragments of its eourso sufccssivf'Iy 
obtained. 

If wo could only once imMiuro the entire tracing formed by 
the wing of an insect, wc shouid then g»'t a figuro wlenticul 
with that which our Icnmed writer on ucousticH, Ktrnig, was 
the first to obtain witli a WhciitHtono rod ttmed t«> tho octavo, 
that is to say, doscribing an 8 in space. This typical fiimt is 
representod in fig. 7«. Wo shall sec that tlio graphic method 
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is adapted to other experiments intended to verify those which 
wo have already made by other means. By varying the inci- 
dence of the wing on the revolving cylinder, we can foretell 
what will be the figure traced, if it be true that the wing 
really describes the form of an 8. Thus, if we obtain a figure 



Fin. i.O.^^TmcInKi) nf of a wiiftp; Mivcml of tlio lotvor InopHaro 

(iLsfcitti'Uy toon. Thin tnuiinx wah obtiunod by holding tho inKcct to oh 
to rub thu cy llnilor by tbo bmdor poSnt of tho wtng, 'which givct very ex- 
tended ourvot, 

{^aformable to that which w« hayo foreseen, it will bo an 
evident proof of tho reality of th^ movements. 



Fi^i. - 1'ru(«lug of A WhmtNf ona*N kidoidopiioiio rtKl, tuned to thoootAVo, 
that Ik tuKoy. vibrating twlco tmiiNveriioly for ooch longltudinAi vibmtiuu. 

(Thin Aguro iu tuken from H, Kunilg.) Tho iilackoitlnfr ffptiwl of the 
t'yiindor pruducoH un approx iiuutUui of tho rurveii tiiwanio tho end of tho 
tguru. 

Let ns suppose that tho wing of the insect, instead of 
touching tho <ylindor witli its point, as wo have seen just 
now, brushes it with one of its edges ; and let us admit fbr 
an instant that tho 8 described by the wing is so lengthened 
that it departs but slightly from the plane passing tlirough 
the vertical axis of this figure.* If we press tlie wing slightly 
against ilio cylinder tho contact will be continuous, and tlw 
tracing tuiaterrupted ; but the figure obtained will no 
longer he an 8 ,* if the cylinder he immovable it will be an 
arc of a circle, whose concavity will be turned towards the 
point of insertion of the wing, a point which will occupy pre- 
cisely tho centre of tho curve danribed. 
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If the cylinder revolve, the figure will be spread' out like 
the oscillation of a tuning-fork registered under the same 
conditions, and we shall obtain a tracing more or less ap- 
proaching in form to that which is represented in fig. 77. 



Fio T7. “Tmclntr obt-A!»o«l with thfi winar R !r r plRtiR 

whioh i» Ruiwibly W tha gouamtuK gf tuorogi»tgiingtiyUti(iur». 

This form, which theory enables us to predict, Is always 
produced when the plane in which tho wing moves is tau- 
gcntial to tho generatrix of the cylinder. 

But in o.xamining these tracings ive easily recognise ehamjfi 
in the thicknm fif the stroAr— parts which opi>enr to have been 
made by u greater or less friction of tho wing on the cylin- 
der; we hero find a now and certain proof of tlio existem-e of 
a maYemcnt in the form of an 8, as we now proiwse to show 
by a synthetic method. 

‘ Let us take a Wheatstone’s rod timed to the octavo ; let us fi-x 
on it the wing of an insect ns a style, and let us trace the vilira- 
tions which it e-xecutos. We shall obtain, if the cylinder be 
motionless, figirros of 8 when tho wing touches tiie paper by 
its point applied perpendicularly to its surface; and if the 
cylinder revolve, wo shall have longthoncd figures of 8. 

We may obtain, with a rod tuned to tho octave, tracings 
identicid with, those given hy tho insect ; of which a proof is 
afforded by the comparison of the two following figuren : — 



rio, ?8.— Tnwlngiof »wa»Pi th* liwM’t hhnU*; tUa lt» wlna toiliiU.* 
tu# eyaww Sr It* jwtat, wd touw* MiwcluUy tli* MpiH.r luup »/ ts# «, 
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Tlie graphic Doiefliod also furnishes us with the proof of 
changes in the plane of the wing of the insect during the 
vuriouB instants of its revolutions* 


1 ' / 


Fto* 7i>. -“Tracings of a Wheatstone ml tuned to the octavo, furnished 
ivitii the wing of n wasp, and lurangod so as to register ospcclsdly the 
upitor loop of the 8. 

Fig. 80 shows the tracing furnished hjr a wing of a hnni' 
ming-bird moth, arranged so as to touch the cylinder with its 
posterior edge. By bringing the insect not too near, we can 
succeed in producing only intermittout contacts ; these take 
place at the moment when the wing describes that part of the 
loops of Uie 8 whoso convexity is tangential to the cylinder. 
Tlio contacts which occupy the upper half of the figure alter- 
nate with those occupying the lower half. Xt is seen, besides, 
tiiai it is not iho same sur&ce of the wing which produces 
tlioso two hinds of friction. In fact, it is evident that the 


/ 

/' 


i* to. 80. TmcingM f»f tho nuivcmontf of tho wing nf a liummfng-bird 
noth <nitu!rr>gloiiiio) rubbing on Uio oylludor by its lowor odgu. 

marks of tho upper half, each formed of a series of oblique 
strukes, are produced by the contact of a fringed border, whilo 
the contacts of tite lower part oi'e produced by another portwn 
of tite wing wiiioh presents a region unprovided with fringes, 
iticl leaves a whiter trace with boundaries better defined. 
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These changes of plane are only found in great moveinents 
of the wing. This is an important fact, for it will explain to 
XUS the method of their production. "Fig. 81 was fimiished 
like fig. 80 by the movements of the wing of a moth (macro- 
glossa) ; but on account of its fktigue these movements had 
lost nearly all their amplitude. 



Fxo 81 .—Tracing of the wing of a fatigued macroglossa. The figure 8 is 
no longer to be seen, but onl^ a simple pendular osoillution. 


We see only in this figure a series of pendular oscillations^ 
showing that &e wing merely rose and fell without changing 
its plane. The bright line which borders the ascending and 
upper parts of these curves is explained by the alternate 
flexions of the wing as it rubs upon the paper^ and shows 
that the upper surl^ was roughs and left a dikinct trace, 
while the lower surface presented no similar roughness. 

3. Birection of the movement of the One more very 

important element is regpnied to give us a complete knowledge 
of the movements which the insect’s wing executes in its flight. 
The optical method, while it shows us all the points in the 
curve described by the gilded extremity of the wing, does not 
indicate the direction in which this revolution is accomplished ; 
whatever icnay be the direction in which the wing moves in its 
o)»bit>*the luminous image which it aftods must be always 
the same. 

^ very .simple method has furnished a solution of this now 
quesiton. Let fig. 82 be the luminous image fiimished by 
movements of the right wing of an insect. The direction 
of these movements which the eye cannot follow is indicated 
by arrows. 

To determine the direction of these movements, wo take a 
small rod of polished glass and blacken it with the smoke of 
a wax taper; when holding the rod at right angles to the 
direction in which the wing moves, we present the blackened 
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end to (a)f that is to say, in front of the lower loop. We 
endeavour to pass this point into the interior of the co^Irs6 
described by the wing ; but as soon as it enters this region, 
the rod receives a series of shocks from the wing, which rubs 
on its surface, and wipes off the soot which covei*ed it. When 
we examine the surface of the glass, we see that the soot has 
been removed only on the xipper part, which shows that at 
the point (a) of its course, the wing is de^nding. ^ The 
same experiment being repeated in that is to sa}”, in the 
hinder part of the orbit of the wing, it is found that the rod 
has been rul^bed beneath ; so that the wing at n w^as ascending. 
In the same manner it may be shown that the wing rises at 
b and descends at h\ 



Tto. hU.— Dfttonulwtttlwn ot the iUrcftbrn of tho mwvcttiCiitH uf .tti lunoct’K 

Wo now know all the movements exeentod hy an insect’s wing 
during its revolution, as well as tlxo double change of planewhioh 
accompanies thonx. llx« knowledge of this change of plane 
was given to us by the nncr^ual brightness of the two branches 
of the luminous 8* Thus we may feel assured that in the 
courso of the descending wing, that is iVom h' to « ixi fig- ^2, 
th« upper surfoco of tho wing turns idightly forward, while 
fniia a' to b, that is, in ascending, this surface turns a litth 
bwkwurds. 
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CHAPTER 11. 

MECHANISM OP THE PLIGHT OP INSECTa 

Cntwcs of tho xnovtsmcntsi of the wings of insects— The wusclea only give 
a motion to and fro» the resistance of the air modifies the course of 
the wing— Artificial representation of tho movemrnU of the insect's 
wing -Of the propulsive eifect of the wings of insects— Construc- 
tion of an artificial insect which moves horikontally— Change in the 
plane in flight. 

1. Cawes of the movements of the eicoedingly 

oomplicated movomonts would induce uh to auppoae that thorn 
exists in insects a very complox muscular apparatus^ but 
anatomy docs not meal to us tnusclos oapablo of giving rise 
to all theso movements. We m^arcely find any but elevating 
and depressing forces in the muscles whiidi move tho wing ; 
besides this, when wo examine more closely tho mechanical 
conditions of the flight of the insect, we see that an upward 
and downward motion given by tho muscles is sufllcientto pro* 
clueo all theso succossivo acts, so well co-ordinated with each 
other ; tho resistance of the air oITecting all tho other move- 
ments. 

If we tnho off the wing of an insect (fig, S3), and holding 
it t)y the small joint whbdi connects it with tho thorax, exposo 
it to a current of air, we see that the plane of tho wing is 



Fim. Kit -StniuUtra of titi wittg 


inclined more and more m it is subjected to a mere powerful 
impulse of the wind. The anterior norvure rettists, but tho 
nnunbranous portion which is prolongtnl Imhiitd IrnmU on 
account of Its greater pliumy, If wo blow upon tho uppr sur- 
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face of the tiring, we see this surface carried backwards, while 
by blowing on it from beneath, we turn the upper surfhce 
forwards. In certain ^edes of insects, according to F6Ux 
Plateau, the wing resists the pressure of the air acting from 
below upwards, more than that exerted in an opposite 
direction. 

Is it not evident, that in the movements whidi take place 
during flight, tlie resistance of the air will produce upon the 
plane of the wing the same effects as the currents of air which 
we have just employed ? The changes in the plane, caused 
by the resistance of the air under these conditions, are pre- 
cisely those which are observed in flight. We have seen that 
the descending wing presents its anterior surface forwards, 
which is explained by the resistance of the air acting from 
below upwB^; while the ascending wing turns its upper sur- 
&ce bax^wards^ because the resistance of the air acts upon it 
from above downwards. 

It is, therefore, not necessary to look for special muscular 
actions to produce change in the plane of the wing; these, 
in thoir turn, will give us the key to the oblique curvilinear 
movements which produce the figure of 8 course followed by 
the insect’s wing. 

Let us return to fig. 82 ; the wing which descends has at 
the same time a forward motion ; tlierefore, the inclination 
taken by the plane of the wing, under the influence of the 
resistance of tbo air, necessarily causes the oblique descent 
from y to «. An iiiclined plane which strikes on the air has 
a tendency to move in the direction of its own indination. 

Let us suppose, then, that the wing only rises and fidls by 
its musculav action ; the resistance of the air, by pressing on 
the pUne of the wing, will force the organ to move forward 
while it is being lowered. But this deviation cannot bo 
ef^ted without the nervure being dighily bent. The forco 
wliidt causes the wing to deviate in a forward direction neces- 
sarily varies in intensity according to tire rapidity with which 
tho organ is depressed, llius, when the wing towards the 
end of its descending eourse moves more dowly, wo shall 
see the nervure, as it is bent with less force, hriug tho wing 
backwards in a curvilinear direction. Thus we explain 
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naturally the formation of the descending branch of the 8 
passed through by the ving. 

The same theory applies to the formation of tlie ascending 
branch of this figure. In short> a kind of pendular oscilla- 
tion executed by the nerrure of the wing is sufficient, to- 
gether with the resistance of the air, to give rise to aU the 
movements revealed to its by our experiments. 

2. Artijieitd repremitatim of the movements of the ineeet'e 
— ^These theoretical deductions require experimental verifica- 
tion, in order that they may be thoroughly borne out. We 
have succeeded in obtaining the following results 

Let fig. 84 be on instrument, which, % means of a multi- 
plying wheel and a connecting rod, gives to a flexible shaft 
rapid to and fro movements in a vertical plane. Let us take 
a membrane similar to that in the wings of insects, and fix ft 
to this shaft, which will then represent the miun rib the 
wing; wo shall see this contrivance execute all the move- 
ments which the wing of tho insect describes in space. 

If we illuminate the extremity of this artificial wing, we 
shall see that its point describes the figure 8, liko a real wing ; 
we shall observe also that the plane of the wing changes 
twico during each revolution in tho same manner as in iltu 
iriKcct itself. But in the apparatus which we now employ, 
the movement eommuuicatm to the wing is only upward 
uud downwards. Wore ft not fbr the resistance of tho air, 
tlu) wing would only rino and fiiU in a vertical plane ; all 
thcM) complicated movements aio duo therefore only to tho 
resistance presentod by the air. Consequently, it is thix 
which bends tlin main rib of tho wing, turning it in n dircc* 
tidu [wriKuuUcttlur to tho plane in which its oscillation is 
offcclcd. 

Hut if the wing bo pushed asidn from its main-rib ut eiuih 
of its alternate movements, it is evident that tho air, acted 
npon by this wing, will receive an impniso in an op|iustt«i 
direction ; that is to say, it will oscujh) at the sido of tho 
flexible jmrtion of tho wing, and causn in this direction a 
current of air. It is seen, in figure 64, that a cundlo placed 
by tho side of the thin edgu of tho wing, is strongly blown 
by the current of ur which is produced, lu ftont of the wing, 
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on tlio contra^, fiie air ■will be drawn forwards, so &at tba 
flame of another candle placed in front of the nerrore will be 
strongly drawn towards it. 
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Fio. S 4 .~Artlfl<^iiiI npFwwBtfttieD of tbo moTame&teof on inaoot’s irisg. 


3. 0/the impaUive aetion of the vitng» of imecU.—Tca. the 
sntno manner as the squib moves in the opposite direction to 
tht» jet of flame which it throws out, the insect propels itself 
in the course opposed to the current of air produced by the 
niovument of its wings. 

Each stroke of the wing acts on the air obliquely# and 
neutralises its resistance, so that a horizontal force results, 
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Tt’hich impels tLe insect forwards. This resultant acts in the 
descent of the wing, as well as in its upward movement, ko 
that each part of the osoillation of the wing has an action 
favourahle to the propulsion of the animal. 

An effect is produ<^ analogous with that which takes ploco 
when an oar is used in the stem of a boat in the action of 
sculling. Each stroke of the oar, which presents on inulined 
plane to the resisting water, divides this resistance into two 
forces : one acts in a direction opposed to the motion of tho 
oar, tho other, in a direction perpendicular to that movemmtt, 
and it is the latter which impels the boat. 

Most of the propellers which act in water ovetoomo tho 
resistance of tho fluid by the action of an inclined piano. 
1116 tail of the fish produces a propulsion of this kind ; that 
of tho beaver does tbe same, with this diffetenoe, that it 
oscillates in a vertical plane. Even tho screw may bo con* 
sidered as an inclined plane, whose moveuont is oostinuoas^ 
and always in the same direction. 



Fio. H Um chwngoi in iha pim of Um wings 

If wo wisli to represent the indination of the plane of tho 
wing at tho different parts of its course, wo shall obtain 
fig. 85, in which the arrows indicate the direction of tho 
course of tho wing, and tho Ii&<», whetiter dotted or AiII, 
show the inclinatim of its plane. 

After this, we need only show the figjiro traeod by pr. Ihtt- 
tigrew in his work on fiigh^ to prove how for the ideas of 
tills English writer difliir from ours. 

Tho trcyectory of tho wing is represented hy Dr. l*etti« 
grew by means of fig. 80. Four arrows indicate, nceortling 
to this writer, tho direction of movements in the diffcretit {Kir* 
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tions o£ this trajectory. These arrows are in the same 
direction, and this first fact is opposed to the experiment 
described in page 195, where we have invest igated the direc- 
tion of the movement of the wing, and have fotind it pass in 
opposite directions in the two branches of the 8. In order to 
explain the form which ho assigns to this trajectory, Dr. Pet- 
tigrew admits that in its passage from right to left, the wing 
describes by its thicker edge the thick branch of the 8, and the 



thin branch by its narrow edge. The crossing of the 8 there- 
fore would be formed by a complete reversal of the piano of 
the wing during one of the phases of its revolution. In fact, 
the author seems to perceive in this reversal of the plane, an 
action similar to that of a screw, of which the air would form 
tlie nut. We will not dwell any longer on this theory, but 
we liave deemed it necessary to bring it forward, in con- 
sequence of the appeal which has been made to us. 

4. Artificial repmentation of an insect' a order to 

render the action of the wing and the effects of the resistance 
of the air more intelligible, we have made use of the following 
apparatus : — 

Itet fig. 87 represent two artificial wings composed of a rigid 
mnin-rib connected with a flexible membrane, composed of 
gold-beater's skin, strengthened by fine nemires of steel ; the 
plane of these wings is horisontol; a system of^ bent levers 
raiHOS or lowers them without giving them^ any*lateral mo- 
litm. 

The movement of the wings is caused hy a little copper 
dnun, in wiucii the air is alternately condensed and rarefied 
by the action of a pump. The circular surfaces of this drum 
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are fomed of india-rubber mesabranes connected with the 
two wings by bent levers ; the air when compressed or rarefied 
gives to these flexible membranes powerful and rapid move- 
ments, which are transmitted to boih wings at the same time. 

A !^rizontal tube, balanced by a counterpoise, allows the 
apparatus to turn upon a central axis, and serves at the same 
time to conduct the air into the drum, which produces the 
motion. This axis is formed of a kind of mercurial gaso- 
meter, which hermetically seals the air conduits, whUe it aUows 
the instnunent to tom freely in a horizontal plane. 

Thus arranged, the apparatus shows the mechanism by 
which the resistance of the air, combined with the movements 
of the wing, produces the propulsion of the insect. 

If we set in motion the wings of the artificial insect by 
meims of the air-pump, we see the apparatus soon begin to 
revolve rapidly around its axis. The mechanism of the mo- 
tion of the insect is clearly illustrated by this experiment, 
outixdy confirming the theories which we have deduced from 
optical and grapUc analysis of the movements of the vfiag 
during flight. 

It may be ashed whetlior the figure of 8 movements de- 
scribed by the W'ing of a captive insect are also produced when 
the croaturo flies. Wo have just seeu that the bending of the 
nutin-rib is entirely duo to the force which carries the insect 
forward when it Im become free, We might therefore sup- 
pose that the main-rib of the wing does not yield to this force 
when the insect flics freely, nud that the resulting horizontal 
force is shown only by tho impulsiun of the whole of the insect 
forwards. 

If, after having gilded the wing of the artificiol insect, we 
look at the luminous image produced during its flight, we still 
see the figure of 8 remaining, provided tho flight be not too 
rapid. In fiiot, fois figure is modified by the movement of 
the apparatus ; it becomes more extended, and resembles the 
8 r^^tored on a revolving cylinder, but it is not reduced to a 
simple pendular curve, which would be foe cose if foe main- 
rib were always rigid. We can understand that this may be 
canmd by foe inertia of foe apparatus, w'hich cannot be 
tweeted by foe variable movementa which each stroke of the 
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‘ning tends to bring to bear upon it. The artificial innect, 
vhen once set in motion, is sometimes before, and at others 
bdiind the horizontal force developed by the wing: on this 
account the rib of the wing is forced to bend, because the 
mass to bo moved does not ob<^ instantaneously the n^sulting 
horizontal force which tho wing derives from the rcsistanco of 
the air. The same phonomenon must take ploce in tlio flight 
of a real insect. 

6, Plane of oteUlation qf an inteet’e The apparatus 

which has Just been described does not yet give a perfect idea 
of the mechanism of insect flight We have been compelled, 
fax the sake of explaining the movements of tho wing mmre 
easily, to suppose that its oscillation is mado from above 
downwards ; that is to say, from the back of the insect towards 
its lower surface, when lying horismtolly in the air. 

But we need only olisorve tlm flight of certain insects, the 
common fly, for instance, and most of tho othor diptera, 
to see that tho plane in which the wings move is not verti- 
cal, but, on the contrary, veiry noarly horizontal. This plane 
directs its tipper surface somewhat forward, and thereforo 
the main-rib of tho wing corresponds with this surfacw. 
Consequently, it is from below upwards, and a little forward 
that tho propulsion of tho insect is eifccted. The greater part 
of the force exerted by tho wing will be employed in aup- 
porting tho inst>ct against tho action of its weight; tho rest of 
this impulse will carry it forward. 

By changing the inclination of the plane of oaoiilation of its 
win^, which con bo done by moving the abdomen so as to 
displace tho centre of gravity, the insect can, according to its 
viraies, increase the rapidity of its forward flight, lessen tho 
speed acquired, retrograde, or dart toward the side. 

It is easily to be seen that, when a hymonojiteroiiB insect 
flying at fliil speed, stops upon a flower, tMs insect diris'ts tho 
plana of tho oscillation of its wings backwards with consider- 
able force. 

Nothing is more variable, in fact, than the inclination of 
tho plane in which tho wings of different s{wcios of insecta 
oscillate. 

The diptera appear to us to have this plane of OM'illution 




-Arr of the artiSciJ insect, to obtain tfco change of plane, or aacendinsr A’^t 
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Tery nearly horizontal ; in the hymenoptera, the wing moves 
in a plane of nearly 45® , but the lepidoptera flap their wings 
almost vertically, ^er the manner of birds. 

In order to render the influence of the plane of oscilla- 
tion more evident, and to show that the force derived from the 
resistance of the air has the double eflect of raising the insect 
and directing its course, we must arrange the fliglilhimtrumcnt 
in a peouliar manner. It will be necessary, in the first place, 
to be able to change the plane of oscillation of the wings, 
which is effected by placing the drum on a pivot at the ex- 
tremity of the horizontal tube, at the end of which it turns. 
To show the ascensional force which is developed in this new 
arrangement, the instrument must no longer be confined to a 
simple movement of rotation in the horizontal plane, but it 
must be able to oscillate iu a vertical plane like the scale beam 
of a balance. 

Pig. 88 shows the new arrangement which we have given 
to the instrument in order to obtain this double result. 

In this modification of the apparatus, the air-pump which 
constitutes the moving force is retained ; as is ^o &6 turn- 
ing column which moves in the mercurial gasometer. But 
above the disc which terminates this column at the upper end, 
is fixed a new joint, which allows the horizontally-balanced 
tube at the end of which the artificial insect is placed, to 
oscillate in the vertical plane like a scale-beam. In order to 
establish a communication between the revolving column and 
the tube carrying the insect, we make use of a little india- 
rubber tube, sufficiently flexible not to interfere with tho 
oscillatory movements of the apparatus. 

Other accessory modifications may be seen in fig. 88 ; one 
consists in employing a glass tube to convey the air &om the 
pump whidli moves the insect ; the other m a change of tho 
mechanism by which motion is imparted to the wings. Tho 
most important alteration is the introduction of a joint which 
allows us to give every possible inclination to the plane in 
w^hich the wings oscillate. 

The apparatus being arranged so tlxat the counteriK>ise, 
having been brought nearer to the point of suspension, docH 
not exactly balance the weight of the insect, the latter is 
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)lace(i so that its Things may move in a horizontal plane, the 
naiu-rib being uppermost. Thus all the motiye force is 
lireoted from below upwards, and as soon as the pump begins 
o act, we see the insect rise vertically. We can easily esti- 
nate the weight raised by the flapping of the wings, and as 
WQ can vary file weight of the insect by altering the position 
y£ the counterpoise, we can determine the effort which is 
ieveloped according to the frequency or the amplitude of the 
strokes. 

By turning the insect half way round, so that its wings, 
still oscillating in a horizontal plmie, should turn their main- 
rib downwards, we develop a descending vertical force which 
may be measured by removing the coxmterpoise to a greater 
or less distance, and causing it to be raised by the descent of 
the insect. 

If we adjust the plane of oscillation of the wings vertically, 
the insect turns horizontally round its point of support in 
the same manner as has been previously described and 
represented in £g. 87. 

Lastly, if we give to the plane of oscillation of the wings, 
the oblique position which it presents in the greater number 
of insects ,* that is to say, so fiiat the main-rib turns at once 
upwards and slightly forward, we see tihe insect rise against 
Its own weight, and turn at the same time round the vertical 
axis ; in a word, the apparatus represents the double effect 
which is observed in a flying insect, which obtains from the 
stroke of its wings, both the force which sustains it in the 
air, and that which directs its course in space. 

The first of these forces is by far the more considerable ; 
thus, when an insect hovers over a flower, and we see it 
illuminated obliquely by the setting sun, we may satisfy our- 
selves that the plane of oscillation of its wings is nearly hori- 
zontal. This inclination must evidently be modified as soon 
as the insect wishes to dart off rapidly in any direction, but 
then the eye can scarcely follow it, and detect the change of 
plane, the existence of which we are compiled to admit by 
the theory and the experiments already detailed. 

A curious point of study would be the movements prepara- 
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tory to flight. We speak not only of the spreading of the 
wings, wMoh in the coleoptera precedes flight, a movement 
which is sometimes so slow as to he easily observed, nor of 
the unfolding of the first pair of wings, as wasps do before 
they fly. Other insects, the diptera, turn their wings as on 
a pivot around its main-rib in a very remarkable manner, 
at the moment when the wings which were previously ex- 
tended on the back in the attitude of repose start outwards 
and forwards before they begin to fly. Flies, tipulm and 
many other kinds, show this preparatory movement vaiy clearly 
when the insect, being exhausted, has no longer any energy 
in its flight, ^ We see the main-rib of the wing remain sen- 
sibly immovable, and around it turns the] membranous portion 
whose jhree border is directed downwards. This position 
having been obtained, the insect has only to cause its wing 
to oscillate in an almost horizontal direction from backwards 
forwards, and from forwards backwards. If this motion as on 
a pivot did not exist, the wing would cut the air with its edge, 
and would be utterly incapable of producing flight. In other 
species, as in the agrion, a small toagon-fly, for instance, the 
four wings, during repose, axe laid back to back one against 
the other above the abdomen of the animal Their main- 
ribs are upwards, and keep their position when fibe wings pass 
downwards and forwards ; here no preparation for flight is 
necessary. In these insects, as in butterflies, the wing has 
only to set itself in motion when the creature flies. 

It is interesting to foUow throughout the series of insects 
the variations presented by the mechanism of flight, , 

The confirmation of the theory just propounded is found in 
the experiments which certain naturalists have made by 
means of vivisection. For. the most interesting of those wo 
are indebted to l^rofessor M. Giraud. All these oxporimonta 
prove that the insect needs for the duo function of flight a 
rigid main-rib and a flexible membrane. If wo cover ilio 
flexible part of the wing with a coating which Imrdons as it 
dries, flight is prevented. We hinder it also by destroying 
the rigidity of the anterior nervure. 

If we ohly cut off, on the contrary, a portion of the flexible 
membrane, parallel to its hinder edge, the power of flight 
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is preserved, for the wing retains the conditions essential to 
this function — ^namely, a rigid main-rib and a flexible sur- 
face. Lastly, in some species the combination of two wings 
is indispensable to flight; a kind of pseudo-elytron consti- 
tutes the nervure, and behind this is extended a membranous 
wing, which is locked in with the posterior border of the 
anterior one. This second wing does not present sufficient 
rigidity to enable it to strike the air with advantage, and in 
these insects flight is rendered impossible, if we out off the 
false wing-caso ; it is as if we had destroyed the main-rib of 
a perfect wing. 


CHAPTER III. 

OF THE PLIGHT OF BIRDH 

Conformation of tlio bird roforonco to flight— Structure of the wing, 
its curves, its muscular apparatus— Muscular force of the bird ; 
lupidity of contraction of its muscles— Form of the bird ; stable 
equilibrium ; conditions favourable to change of plane— Proportion of 
the Burfoco of the wings to the weight of the body in birds of difforont 
size. 

The plan by which we have been guided in the study of 
insect flight must also be followed in investigating that of 
birds. It will bo necessary to determine, by a delicate mode 
of analysis, the movements produced by the wing during 
flight; from tlieso movements we may draw a condusion as 
to the resistanco of the air which affords the bird a fulcrum 
on which to exert its force. Then, having propounded cer- 
tain theories respecting tho mech^ism of flight, tlie force 
required for the work effeotod by* the bird, &o., we will under- 
take to represent these phenomena by means of artiflcial 
instruments, as we have already done with respect to insects. 

But, before wo enter methodioally on this study, it will be 
useful to prepare ourselves for it by some general observa- 
tions on the organization of the bird, the structure of its wings, 
the force of its muscular system, its conditions of equilibrium 
m the air, &c. 


1 * 
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Oonformation of the bird . — By the simple inspection of a 
bird’s wing, it is easy to see that the mechanism of its flight 
is altogether different from that of an insect. From the 
Tnanner in which the feathers of its wing Ke upon each other, 
h is evident that the resistance of the air can only act from 
below upwards, for in the opposite direction the air would 
force for itself an easy passage by bending the long barbs of 
the feathers, which would no longer sustain each other. This 
well-known arrangement, so carefully described by Prechlt,"*^ 
has caused persons to suppose that the wing only needed to 
oscillate in a vertical pl^e in order to sustain the weight of 
the bird, because the resistance of the air acting from be- 
low upwards is greater than that which it exerts in the 
opposite direction. 

This writer has been wrong in basing on the inspection of. 
the organ of flight all the theory of its Action, We shall find^ 
tbat experiment contradicts in the most decided manner these 
premature inductions. 

If we take a dead bird, and spread out its wings so as to 
place them in the position represented in fig. 89, we see that at 



Fia 89.-— Various ourves of tbo wing of a bird at dUfore&t points in Iti 
lengib. 


different points in its length, the wing presents very remark- 
able changes of plane. At the inner part, towards the body, 
the wing inclines considerably both downwards and back- 
wards, while near its extremity, it is horizontal and some- 
times slightly turned up, so that its under surfiico is directed 
somewhat backward. 

Dr. Pettigrew thought that he could find in this curve a 
surfece resembling a left-handed screw propeller; struck with 
the resemblance between the form of the wing and that of 
the screw used in navigation, he considered the wing of a 

* Untorsuchungea ilber den Plug dor Vogel. Sro. Vioiiua ! IS Id. 
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bird as a screw of wbioh. tbe air formed tlxe nut. We do 
not think that we need refute such a theory. It is too evi« 
dent that the alternating tj-pe which belongs to every muscular 
movement cannot tend to produce the propiilsive action of a 
screw ; for while we admit that the wing revolves on an axis, 
tiiis rotation is confined to the fraction of a turn, and is fol- 
lowed by rotation in the opposite direction, which in a screw 
would entirely destroy the effect produced by the previous 
movement. And yet the English writer to whose ideas we 
refer has been so fully convinced of the truth of his theory 
that he has wished to extend it to the whole animal kingdom. 
He proposes to refer locomotion in aU its forms, whether 
terrestrial, aquatic, or aerial to the movements of a screw 
propeller. Let us only seek in the anatomical structure of 
the organs of flight the information which it can afford us ; 
tliat is to say, that which refers to the forces which the bird 
can develop in flight, and the direction in which these forces 
ore exerted. 

Comparative anatomy shows us in the wing of ^ birds an 
analogue of the fore limb of mammals. The wing when 
reduced to its skeleton, presents, as in the human arm, the 
humerus, the two bones of the fore-arm, and a rudimentary 
hand, in which we still find metacarpal bones and phalanges. 
The muscles also present many analogies with those of the 
anterior limb of man ; some parts of these bear such a resem- 
bluTWA both in appearance and in function, that they have 
been designated by the same name. 

In the wing of the bird, the most strongly developed muscles 
are those whose office it is to extend or bend the hand upon 
the fore-arm, the fore-arm on the humerus, and also to move 
the humerus, that is say, the whole arm, round the articula- 
tion of the shoulder. 

In the greater number of birds, especially of the Imger 
kinds, the wing seems to remain always extended during flight. 
Thus, the e-xtensor muscles of the different portions of tins 
organ would serve to give this organ the position necessary 
for rendering flight possible, and for maintaining it in this posi- 
tion ; as to motive work, it would be executed by other muscles, 
iimeli stronger than the preceding— namely, the pccforaf*. 
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AH fhe aaterior surface of the thorax of birds is occuptetl 
by powerM muscular masses, and especially by a large 
mu^e, -whioh by its attachments to the sternum, to the ribs 
and the humerus, is analogous -with the large pectoral musclo 
in man and the mammals ; its office is evidently to lower the 
wing with force and rapidity, and thus to gain from the air 
the fiilorum necessary to sustain, as well as to move the mass 
of the body. Underneath the large pectoral is found the 
medium pectoral, whose action is to raise the wing. On the 
exterior, the small pectoral, acting as accessory to the large 
one, extends from the sternum to the humerus. 

Since the force of a muscle is in proportion to the volume 
of this organ, when we consider that these pectoral mirscles 
T^resent about one-sixth part of the whole weight of the 
bird, we shall immediately understand that the prin^i p n l 
frmetion of ffight devolves on these powerful organs. 

Borelli endeavoured to deduce from tho volume of the pec- 
toral muscles the energy of which they are caimble; ho con- 
cluded that the force employed by the bird in llight was equal 
to 10,000 times its weight. We will not here rofuto tiro 
error of Borelli; many others have undortaien to combat his 
notions, rmdhave substituted for the calculations of tho Italian 
physiologist others whose coirectoess it would bo difficult to 
prove. Such great oontradioti<His as are to bo found in the 
different estimates formed of tho muscular force of birds have 
arisen from the feet that these attempts at measurement were 
premature. 


Nayier, depending on calculations which were not based on 
e^enment, considered himself authorhsod in admitting that 
buds dev^ enormous mechanical work; soventeon 8u^low.<» 
would work equal to a horse-power. « As cosy would it 
fiicotiously, “to provo by cakuIaJum 
that birds coffid not fly—a conclusion which would rather cotii- 
promise matnematics, ^ 


BMides, we find that Cagniard Latour admitted, basing Iris 
wins is lowered eight limes iiu.ro 
f i'owover, proves that tho 

wing of the tod is raised more quickly than it descends. 
Settmate of the muscular force <tf the W«i.--Wo must at the 
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present day measure mechanical force under the form of work. 
It is necessary for this purpose to know what resistance is 
met with by the wing at each instant of its movements, 
and the direction in which it repels fi’om it this resisting 
medium. 

Such an estimate requires a previous knowledge of the 
resistance of air against surfaces of dilTerent curvature moving 
with various degrees of velocity ; it supposes at the same time 
that we know the movements of the wing as well as their 
velocity and direction at every instant. 

This i>roblem will perhaps be the last which we may hope 
to solve, but we may even now study from other points of 
view the force exerted by the muscles of the bird, and esti** 
mate some of its characteristics. 

Thus, we may obtain experimentally a measure of the maxi- 
mum effort which these muscles can exert. This measure may 
not really correspond with the real effort displayed in flight, 
but it may keep us firom forming exaggerated estimates. 

If the calculations of Borelli, or even those of Navier were 
correct, we ought to find in the muscles of the bird a very 
considerable staticjil force. Experiments show, however, that 
tiioHO muscloK do not seem capable of more enorgetio efforts 
than those of other animals. 

Experiment — Our first experiment was made upon a buz- 
xard. The creature being hoodwiukf)d was stretched upon its 
back, with its wings hold on the table by bags filled with 
small shot. The application of the hood ;|^ung08 these birds 
into a sort of hypnt>tiHm, during which we can make any num- 
ber of experiments upon them, without flieir evincing any pain. 

We laid bare tho great pectoral muscle and the humeral 
region, we placed a ligature on the artery, disarticulated the 
elbow-joint, and took away all tho rest of the wing. A cord 
was fixed to the extremity of the humerus, and at tlie end of 
this cord was placed a scale-pan, into which small shot was 
poured. The trunk of the bird being rendered perfectly im- 
movable, we excited the muscle by means of interrupted in- 
duced currents ; while the artificial contraction %vas produced, 
an assistant poured into the pan the small shot, until the 
force of contraction of the muscle was counteracted* At this 
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movement, the Treight supported was 2 kflograamnes 380 
grammes (about 6 '3 8 lbs. troy). 

If we take into account the unequal length of the arms of 
the lever, on the side of the power and that of the resistance, 
we fiad that the pectoral muscle had been able to produce a 
total effort of 12 Mogrammes 600 grammes (about 33*78 lbs. 
troy), which would correspond with a traction of 1298 
grammes (3*66 lbs. troy) for each square centimetre of the 
transverse section of the muscle. 

A pigeon placed under the same conditions has given» as its 
entire ^rt, a weight of 4860 grammes, which, according to 
the transverse section of its muscle, raised to 1400 grammes 
the effort which each muscular buncUe could develop for every 
square centimetre of section. 

If we admit that the electrical action employed in these 
experiments to make the mtisdes contract, develops an effort 
less than that which is caused by the will, it is not less time 
that these estimates, which are less than those which we 
generally obtain in the muscles of mammals tmder the same 
conditions, do not authorize xm in recognizing in the hud any 
special muscular power. ^ 

Lastly, if we were to- take into account in this estimate 
the laws of thermo-dynamics, we might affirm that the bird 
would not develop in fight a very especial amount of work* 

All work, in fact, can only be pexfonned with a certain 
waste of substance, and if the act of flying involved a great 
^enditure of work, we ought to find a notable dimiaution 

Nothing 

of this kmd os observed. Persons who train carrier pigeons 
have given us information on this point, from which we gather 
tM a bird w^^ ^ traversed in a single flight a distance of 
nfly leagues (which it seems to do without taking any food) 
weig^ only a few grammes less than at its departure* It 
would be mteresting to make these experiments again with 
greater exactitude. 


Of the rapidity of the muserdar actions of birds — One of tlia 

IS the ^eme lapaily mth •which force is rnigo&deroil in 
them. Among the different species of animals wbc»e 
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acts we have detemined, the bird is that whidi, after the 
insect, has glTcn the most rapid moTements. 

This rapidity is indispensable to flight, lii fhct, the wing 
when lowered, can meet with a sufficient resistance in the 
air only when it mores with great vdodly. The resistance 
of the air against a plane surface which strikes upon it 
and repels it, evidently increases in the ratio of the square 
of the rdocity with which this plane is displaced. It 
would be of no use for the bird to have energetic muscles, 
capable of effecting condderable work, if they could only 
give slow movements to the wing; their force could not 
be exerted for want of remstance, and no work could be pro- 
duced. It is otherwise with terrestried animals which run or 
creep on the ground, with a iq^d more or less rapid accord- 
ing to the nature of their muwdes, but which in every case 
utilize their muscular force by means of the perfect resistance 

the ground. The neoeHuly of velocity in the movements 
of fishes has been already observed, since the water in which 
ih^ swim resists more or less, according to the mpidity 
with whidi their tails or their ^ act upon it. Thus the 
muscular action of fiishes is rapid, but much less so than 
that of birds, which move in a medium &r more yielding. 

In order to undemtand the rapid production of movements 
in the muscles of the bird, we must remember that these 
movemoits are connected with chemical action, produced in 
1^ very suluftaaoe of the muscle, where give rise, as in 
machines, to heat and motion. We must therefore admit 
that these actions are excited and propagated more readily 
in the muadea of birds than in those of any other species of 
snitnals. In the same manner the different kinds of powder 
uaed in war dUhr much from each other in the rapidity of 
their e9^h»ion, and consequently give very different vdocities 
to the project^ which they hnpd. 

Lastly, the form of mvmmt presents in different species 
of birds peculiarities whkh we have already noticed. We 
have seen in Chapter VIII. how much the dimensions of the 
peototal muscles vary according as the strokes of the wing are 
required to have much force or great extent; therefore we 
shall not recur again to th^ subject. 
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Form of the bird . — All those who have studied the flight of 
birds have very properly paid great attention to the form of 
these creatures, as rendering them eminently adapted to flight. 
They have recognised in them perfect stable equilibrium in 
the aerial medium. They have thoroughly understood the 
part played by the large surfaces formed by the wings, which 
may sometimes act as a parachute, to produce a very slow 
descent ; while at other times these surfaces glide through the 
air, and following the inclination of their plane, allow the 
bird to descend very obliquely, and even to rise, or to hover 
while keeping its wings immovable. Some observers have 
gone so far as to admit that certain species of birds play 
an entirely passive part in flight, and that giving up their 
wings to the impulse of the wind, they derive from it a force 
capable of carrying them in every direction, even against the 
wind. It seems to us interesting to discuss, in a few words, 
this important question in the theory of flight. 

The stable equilibrium of the bird has been well explained ; 
there is nothing for us to add to the remarks which have been 
made on this subject. The wings are attached exactly at 
the highest part of the thorax, and consequently when the 
outstretched wings act upon the air as a fulcrum, all the 
weight of the body is placed below this surface of suspension. 
We know also that in the body itself, the lightest organs, the 
lungs and the air vessels, are in the upper part; while 
the mass of the intestines, which is heavier, is lower; also 
that the thoracic muscles, which are so voluminous and heavy, 
occupy the lower part of the system. Thus the heaviest 
part is placed as low as possible beneath the point of sus- 
pension. 

The bird, as it descends with its wings outspread, will thus 
present its ventral region downwards, without its being neces- 
sary to make an effort to keep its equilibrium ; it will take 
this position passively, like a parachute set free in space, or 
like the shuttlecock when it falls upon the battledore. 

But this vertical descent is an exceptional case ; the bird 
whicli allows itself to fall is almost always impelled by some 
previous horizontal velocity; it therefore slides obliquely upon 
the air, as every light body of large surface does when placed 
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toder tlie conditions of staUe equilibrium which we haye 
just described. Mons. J. Pline has carefully studied the 
different kinds of sliding movement which may take place j he 
has even represented them by means of small pieces of appa- 
ratus which imitate the insect or the bird when they dy 
without moving their wings. 

If we take a piece of paper of a square form, and fold it in 



Fia 90.--Representiu^, on the left, a contrivance intended to imitate the 
hovering of birds; it is placed in equilibrium by two equal weights 
attached to the extremities of a wire which is fixed in the lower part of 
the angle formed by the folded paper. This piece of apparatus falls verti- 
cally, as shown by the successive positions of the wire when attached to 
the two weights. On the right is seen the same contrivance connected 
mth one weight only. Its fall is parabolic, as shown by the dotted 
trajectory. 

the middle, so as to form a very obtuse angle (fig. 90 ) ; then, 
at the bottom of this angle, let us fix with a little wax a 
piece of wire attached to two masses of the same weight ; we 
shall have a system w^hich will maintain stable equilibrium 
in the air. If the centre of gravity pass exactly through the 
centre of the figure, we shall see it descend vertically when: 
we let it go, the convexity of its angle being directed down- 
wards. 

If we take away one of the weights, so as to alter the 
position of the centre of gravity, the apparatus, instead of 
descending vertically, will follow an oblique trajectory, and 
win glide through the air with an accelerated motion /fie*. 90 , 
to the right). 
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The trajectory passed throiigh by this little instrument mil 
be situated in a vertical plane, if the two halves of the appa^ 
ratus are perfectly symmetrical; but if they axe not, it *^1 
turn towards the side in which while it cuts the air it finds 
the greater resistance. These effects, which are easily un- 
derstood, are identical with those which the resistance of the 
rudder causes in the advancing motion of a ship. They can 
also be produced in a vertical direction ; so that the trajectory 
of the apparatus may be a curve with its concavity above or 
below, as the case may be. 

Every thin body which is curved tends to glide upon the 
air according to the direction of its own curvature. 



Pia Ot— We Iiftve turned back the JItoW hand corner of the two phmcn 
which form the angle After a deecent in a parahoUc curves the apparatus 
rises again, as shown by the dotted trajectory. 


If we turn back either the anterior or posterior edge of our 
little apparatus, we shall see it at a given moment of its 
descent rise in opposition to its own weight, but it will soon 
lose its upward movement (fig. 91). Let us consider what 
has taken place. 

So long M tiie paper descended mtfa. but slight rapidity, 
the eibct o£ its curvature was not perceptible, because the 
air resists sur&ces only in the ratio of the vdociiy with which 
th^ move. But when the rapidity was sufficiently great, an 
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effect was produced sitnaar to that of a rudder, which turned 
up the anterior extremity of the little apparatus, and gave it 
an ascending course. Immediately, the weight which was 
the generating force of its gliding moyement ^ough the air 
hegan to retard it ; in proportion as it rose, it lost its velo- 
cily until it reached the point of rest. After that, a downward 
movement commenced, &en an ascent in the opposite direc- 
tion, so that the paper descended to the ground by successive 
oscillations. 

If we give the apparatus a slight concavity downwards, 
the opposite effect is produced; we see (fig. 02), at a certain 



Fia. right hand corner of the plane of the a&glo hna heon bent 

downwBids. After a pai^Uc the appamtue falle yery rapidly 

SaaperpeniUottlar dirootiem. 


moae&t, ihe trajectoiy tams abropilj dow&waxds, and the 
falling body strikoB tlie giound 'with considerable violence. In 
this second ease, when tiie xuddet^like effect is produced, the 
new direction has ha its tkvoux the 'weight 'whu^ hastens the 
&U of the Utile instmment, as in 'the £»mer experiment it 
rendered the re-asoent more slow. 

We have dwelt npon these effects, because they often o<»ar 
in the Sight of birds. They axe mentioned in the old treatises 
on fhlooxtry, wMoh dewnibe the eroltttioQB of birds used in 
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hawting. Without going further hack, we find in Huher* the 
description of these curvilinear movements of falcons, to which 
they gave the name of passades, and which consisted of an 
oblique descent of the bird, followed by a re-ascent, which 
they called rmource (from the Latin, rsBurgere). The bird,*’ 
says Huber, carried forward by its own velocity, would dash 
itself against the ground, were it not that it exercises a cer- 
tain power which it possesses of stopping when at its utmost 
speed, and turning d^ctLy upwards to a sufficient height to 
enable it to make a second descent. This movement is able 
not only to arrest its descent, but also to carry it without any 
further effort, as high as the levd. from which it started.” 

Surely, there is some exaggeration in saying that the bird 
can rise, without any active effort, to the height from which 
it stooped ; the resistance of the air must destroy a portion of 
the force which it had acquired during its descent, and which 
must be transformed into a rising impulse. We see, how- 
ever, that the phenomenon of the rmouroe has been noticed 
by many observers, and that it has heen coimidered by them 
as, to a certain extent, a passive motion in which the bird 
has to employ no muscrdar force. 

The act of hovering presents, in certain cases, a great ana** 
logy with the phenomena just described. When a bird— -a 
pigeon, for example — ^has traversed a certain distance by flap- 
ping its wings, we see it suspend all these movements for 
some instants, and glide on either horizontally, ascending or 
descending. The latter kind of hovering motion is that which 
is of longest duration ; in fact, it is only an extremely slow 
full, but in which the weight assists the movement, while 
it checks it in the horizontal or ascending course. In the lust 
two forms, tlie wing, directed more or less obliquely, dt)nve.s 
its point of resistance from the air, like the cliild’s plaything 
called a kite, but with this difference, that the velocity is 
given to the kite by the tractile force exerted on the string 
when the air is calm, while the bird when it hovers utilizes 
the speed which it has already acquired, either by its obliquo 
full or by the previous flapping of its wings. 

We ]^V6 ^eady said, that observers had admitted that 

♦ 8vo. Genova, 1784. 
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certain birds wliich they called sailing birds ** cotdd sustain 
and direct themselves in the air solely by the action of the 
vtrind. This theory has all the appearance of a paradox ; we 
cannot understand how the bird, when in the wind, and using 
no exertion, should not be affected by its force. 

If the passadeSf or the changes which it effects in the plane 
of its wings, can sometimes carry it in a direction con- 
trary to that of the wind, these can be only transient effects, 
compensated afterwards by a greater force driving them 
before the wind. 

Nevertheless, this theory of sailing flight has been advo- 
cated with great talent by certain observers, and especially by 
Count d’Esterno, the author of a remarkable memoir on the 
flight of birds. 

« Every one,” says this author, “must have seen certain 
birds practise this kind of sailing flight ; to deny it, is to- 
contra^ot evidence.” 

Wo know so little yet of the resistance of the air, especially 
with reibrenoo to the resolution of this force when it acts 
against inclined pianos under different angles, that it is im- 
puanible to decide on this question as to sailing flight. It 
would bo rash absolutely to condemn the opinion of observers, 
by depending on a theojy or on notions as vague as those 
w]n<'U wo possess on this subject. 

lintio f/ th$ mrface of the wings to the weight of the body . — 
One of the moat interesting points in the conformation of birds 
consists in the determination of the ratio borne by the surface 
of tlio wings to the weight of the bird. Is there a constant 
relation between tliose two quantities? This question has 
boon the cause of many controversies. 

It has already been shown that, if we compare birds of 
different species and of equal weight wo may And that some 
have their wings two, three, or four times more extended 
than the others. The birds with large wing surfaces are 
those which usually give themselves up to a kind of hovering 
flight, and have been called sailing birds ; while those whose 
wing is shmt or narrow are more usually accustomed to a 
flight which resembles rowing. If we compare together 
two ” rowing” or two ” sailing” birds; if, to be more 
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exact, we choose them jfrom the same family, in order to have 
no difference between them except that of size, we shall find 
a tolerably constant ratio between the weight of these birds 
and the surface of their wings. But the determination of this 
ratio must be based upon certain considerations which have 
been long disregarded by naturalists. 

Mons. de Lucy has endeavotzred to compare the surface of 
the wings with the weight of the body in all flying animals. 
Then, in order to establish a common unit between creatures 
of such different species and size, he referred all these esti* 
mates to an ideal type, the weight of which was always one 
kilogramme. Thus, having ascertained that the gnat, which 
weighs three milligrammes, possesses wings of tMrty square 
millimetres of surface, he concluded that in the gnat type 
each kilogramme of the animal was supported by an alar sur- 
face of ten square metres. 

Having drawn up a comparative table of measurements 
taken in animals of a great number of different species 
and sizes, Mons. de Itucyhas arrived at the following re* 
suits: — 


Sj[>ecies. 

Weight of Animal. 

Surface of Wings. 

Surface per 
Kilogmmme. 

0n&t . 

Butterfly. 

Pigeon 

Stork . 
Australian Crane. 

S milligr. 

20 centi^. 
290 grammes. 
2265 • „ 

0500 „ 

30 8 ( 1 . millim. 
1663 „ „ 

750 sq. ceutim. 

a- 

10 sq. metres, 

J^h 99 9t , 

2586 Hq.ccutun. 

899 „ „ 


Prom these measurements we obtain the foUowing im- 
portant consideration, that animals of large size and groat 
weight sustain themselves in the air with a much loss pro- 
portionate surface of wing than those of smaller size. 

Such a result plaizxly shows that the part played by the 
wing in flight is not merely passive, for a sail or a parachute 
ought always to have a surface in proportion to the weight 
wliich it has to support ; but, on the contrary, when con* 
sidered in its proper point of view, as an organ which strikof 
the air, the wing of the bird ought, os wo shall see, to pre 
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sent a snr&ce relatively less in birds of large size and of 
great weight. 

The surprise which we feel at the result obtained by Mens, 
de Lucy disappears when we consider that there is a geome- 
trical reason why the surface of the wing cannot increase in 
the ratio of the weight of the bird. In fact, if we take two 
objects of the same form — ^two cubes, for example — one of 
which has a diameter twice as large as the other, each, of the 
surfaces of the larger cube will be four times as large as that 
of the smaller one, but the w^eight of the large cube will be 
eight times that of the small one. 

Thus, for all similar geometrical solids, the linear di- 
mensions being in a certain ratio, the surfaces will increase 
in proportion to their sq^uares, and the weights in that of 
their cubes. Two birds similar in form, one of which 
is twice as large as the other, will have w'ing surfaces in 
the proportion of one to four, and weights in that of one to 
eight. 

Dr. Hureau de ViUeneuve, basing his enquiries on those 
considerations, has determined the surface of wing which 
would enable a bat having the weight of a man to fly j and 
he found that each of the wings need not be three metres 
in length. 

In a remarkable work on the relative extent of wing and 
weight of pectoral muscles in different species of flying ver- 
tebrate animals,'^ Hortings shows that in a series of biz^ we 
can establish a certain relation between the surface of the 
wing and the weight of the body. But we must be careful 
only to compare elements which admit of comparison,* for 
instance, tiie length of the wings, the square roots of their 
surfaces, and the cube roots of tiie weights of different birds. 

Let { be the length of the wing; a, its area or surface; 
and p the weight of ^ body j we con compare together I, \/a, 
and 

Making observations on difSerent types of birds, Ilartings 
ascertained their measurements and weights, £i?om which he 
obtained the following table s — 

* Archives Ntokuddsos, Vel. XIV., p. ISCD. 
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Name of Species. 

■Vf eight. 

JP 

Surface. 

a 

Eatio. 

Uj? 

1. Larus argent atus . 



665*0 

541 

2*82 

2. Anasnyroca . . 

« 


608-0 

821 

2*26 

3. Fulica atra . * 

* 


495-0 


2 05 

4. Anas creoca . • 

• 


275-6 


1*84 

6. Lams ridibundus . 

• 


197*0 

331 

3 13 

6. Machetes p\xgn ax 

• 


190*0 

164 

2*23 

7. ha 1 Ills aqiialicua • 

• 


170*5 

101 

1*81 

8, Turdus pilaris . • 

• 


103*4 

101 

214 

9. Turdus merula 

« 


88 ’8 

106 

2*31 

10. Stuinus vulgaris 

• 


80*4 

85 

2*09 

11. Bomhicilla gimila . 

• 


60*0 

44 

1*69 

12. Alaudaarven&is. 

# 


32*2 

76 

2 69 

13. Parus major . 

• 


14*5 

81 

2*29 

14. Fringilla spinus 



10*1 

25 

2*33 

15. Parus coeruleus 



9*1 

24 

2*34 


To this list of Hartings wo will add another which we havo 
prepared by the same method (p. 225). All the experiments have 
been made on birds killed by the gun, and a few instants after 
death. We have taken the surface of the two wings instead 
of only one, as Hartings had done ; this modification, which 
appeared necessary, is the principal cause of the dijBtei;ence 
which the reader will find between our numbers and those of 
tlxo Dutch physiologist. To compare the two tables, it wiE 
be necessary to multiply by the number obtained by 

Hartings as the expression of the ratio ^ 

The variations that wo find in the ratio of the weight of 
the body to the surface of the wings in different species of 
birds, depends in a great degree on the form of the wings. 
In fact, it is not imtnateriol whether the surface which strikes 
the air has its maximum near the body or near the extremity; 
these two j^oints have very different velocities. For an equal 
extent of surface the resistance will be greater at the point of 
the wing than at its base. It follows from this, that two birds 
of unequal surface of wing may find in the air an equal resist- 
ance, provided that these surfaces are differently arranged. 

The weight of the pectoral muscles is, on the contrary, in 
a simple ratio to the total weight of the bird, and notwith^ 
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^o-nJiTig variations whidi correspond with the different apti- 
tudes for with which each species is endowed, we find 
that it is about one-sixth of the whole weight in the greater 
number of birds. 


Kame of Species. 

Weiglit = p 
Grammes. 

Surface of 
Wings = 2a. 
S<inare centi- 
metres. 

Ratio sa 

Wp 

Yultur .... 
Yulfcur cinerens . • • 

Falco tinnunculna 
„ „ minor. . 

Ealco JKobek 

Falco sublatio (?) . • • 

Ealco palnstris . • 

Ealco milvus • * • 

Strbc passerina . « • 

Saxicola ^uantlie • « 

Alanda cristata * • • 

Corvus comix • ♦ 

XTpupa epops . • • 

Mcrops apiastcr* • 

Alcedo ispida • . • 

Aleodo aira (?) . • • 

Colmnba vinacoa . # • 

Vanellus spinosus 

Glareola . ... 

Buteo vulgaris . • 

Pordix cinorca • • * 

aturnus vulgaris 
Corruspica . * . . 

If ^ * * * 

Hiruiido urbica * • • 

Turdus mcrula • * 

1663-04 
1636-00 
128-94 
147*86 
282-44 
509*62 
208*76 
620-14 
122-80 
128-94 
66-06 
36-80 
874-64 
49-12 
18-30 
82-89 
86-96 
112-00 ! 
159*04 
96*17 
786*00 
280-00 
78*00 
212*00 
276*00 
18-00 
94*00 

8131 

8233 

642 

646 

970 

1684 

1188 

1904 

394 

442 

126 

202 

1166 

329 

117 

270 

288 

292 

m 

343 

1661 

320 

202 

640 

600 

120 

230 

4*722 

4*920 

5*015 

4*424 

4*747 

6-138 

6-810 

5-117 

3- 993 

4- 162 
2*922 
4*273 
4-717 
4*952 
4*106 
3*769 
3*845 
3*546 
4*649 
4-056 
4*405 
2*734 
3-326 
3*906 
4*039 
4*180 
3-835 


In conclusion, oaoh animd which ^taiw i^lf in^c 
must develop work proportionate to its weight; . 

this ■Duroose, to possess muscular mass in proportion to this 
weightffor, as we have already seen, if ^e 
by lie muscles of birds axe always of the ^me nature, these 
SStf and the work which they perform will be m proportion 
to the mass of the muscles. 
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But how is it that wings whose surfaces ysay as to the 
square of their linear dimensions ar£ sufficient to move the 
weights of birds which vary in the ratio of the cubes of these 
dimensions ? 

It can be proved that, if the strokes of the wing were as 
frequent in large as in small birds, each stroke world have a 
velocity whose value would increase with the size of the bird; 
and as the resistance of the air increases for each element of 
the surface of the wing, according to the square of the velo- 
city of that organ, a considerable advantage would result to 
the bird of large size, as to the work produced upon the air. 

Hence it follows, that it would not be necessary for large 
birds tD give such frequent strokes of the wing in order to 
sustain themselves as would be required for those of smaller 
size. 

Observers have not, hitherto, been able to determine vezy 
ticcurately the number of the strokes of the wing, in order to 
ascertain whether their frequency is in an exact inverse ratio 
to the size of birds; but it is easy to see that the number of 
strokes varies in birds of diffbrent size in a proportion of this 
kind. 


CHAPTER IV. 

OF THE MOVEMENTS OF THE Wim Of THE BIEL 
LUEING FLIGHT. 

Frequency of the movements of the wing— 'Belative durations of its rise 
and fiEilI— Electrical determination— Myographical determination. 
Tnyeotoiy of the bird’s wing during flight— Construction of the instni- 
ments which register this movement— Experiment— Elliptical iigure 
of the tngectoiy of the point of the wing. 

In the general remarks on the form of the bird, and on thie 
deductions to be drawn from it, the reader must have seexx 
that many hypotheses await esqperimental demonstration. Fox 
this reason, we have been anxious to apply to the flights oi 
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the bird ihe method which has enabled us to analyse the other 
modes of locomotion. 

Frequency of tlie strokes of the wing, — ^The graphic method 
which enabled us so easily to detennine the frequency of the 
strokes of the insect’s wing cannot be employed under the same 
conditions when we experiment on the bird. It will be neces- 
sary to transmit signals between the bird as it flies and the 
registering apparatus. We hare here to deal with a problem 
ft imil flj to that which we solved with respect to terrestrial 
locomotion, when we registered the number and the rdative 
duration of the pressures of the feet upon the ground. We 
must now estimate the duration of the impacts of the wing 
upon the afri and the time which it occupies in its rising 
motion. 

ElectrM method * — ^We made use at flrst of the electric 
telegraph. The experiments consist in placing on the ex- 
tremiiy of the wing a kind of apparatus which breaks or closes 
an deotrio circuit at each of the alternate movements which 
it is induced to make. In this circuit is placed an electro- 
magnetic axraxigement which writes upon a revolving cylinder. 
Figure 94 i^ows this mode of telegraphy applied to the study 
of a pigeon’s flighty iflmultaneouifly with &ie transmission of 
signals of another l^d, to be hereafter described. In this 
the two conduotu^ wires are separated from each other. 

The writing point will trace a wavy line, &e elevations and 
depressions of which will correspond with eadx change in the 
direction of the movement of the wing. In order that the 
bird may fly as freely as possible^ a flexible cable, con- 
taining two conducti^ wires, establishes a communication 
between the bird and the telegraphic tracing point* The two 
ends of ihe wires are fastened to a veiy sm^%ht instrument 
which acts like a valve under the influence of the resistance of 
the air* When the wing rises, the valve opens, the current 
is broken, and the line of the tdegraphio.tracmg rises. When 
the wing descends, the valve doses, the current doses at the 
same time, and the tracing made by the telegraph is lowered. 

This instrument, when applied to different kinds of birds, 
enables us to ascertain the frequency peculiar to ihe move- 
ments of each. The number of lepecies which we have been 

a2 
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Ikble to study is very small as yet; the following are the 
results obtained 

Berolaiious of wing 
per second. 


Sparrow .«*•••. 18 
wild duck • • • • . . 9 

Pigeon 8 

Moor kuzzard • • • • « 8] 

Screech owl *•••«. 5 

Buzzard . • • • • .8 


The tnqu.eaaj of fhe strokes of the mng varies also, aocordiog 
as the bird is first stazting, in fiill flight, or at the end of its 
fligTit,. Some birds, as vre !kno\r, keep their ■wings perfectly 
BtiU for a time ; they glide upon the air, making use of the 
velocity already acquired. 

BelaUve dv/ration of the depression and elevation of the mng,— 
Contrary to the opinion entertained by some -TOters, the 
duration of the depression of the ■wing is usually longw than 
that of its rise. The inequality of theae two periods is more 
distinctly seen in birds whose wings have a surface, and 
which beat slowly. Thus, while (be durations are almost 
equal in the duck, -whose wings are very luucrow, they are 
unequal iu the pigeon, and still more so in the buzzard. 
The following are the results of our experiments : — 


— 

Total duration of a 
revolution of tho wing, 

Ascent. 

Descent 

Back « 

lit hundreds of a second . 

5 

■■ 

Pigeon . * 


4 


Bozzard . 

m „ „ 

12i 

■i 


It is more difficult than would have been expected, to determine 
the precise instant when the direction of the line traced by the 
telegraph changes. The periods during whioh the soft iron 
is first attracted and then set firee, have an appreciable duration 
when the blackened cylinder tiims with sufficient rapidity to 
enable us to measure the rapid movements which are tho 
sulgecta of this inquiry. The mflectioES of the line traced by 
the telegraph then become curves, the precise commencement 
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of eacli of which, it is difficult to discover. There is therefore 
some limit to the precision of the measurements which we can 
take by the electric method ; we can still, however, estimate 
by this means the duration of a movement with a tolerably 
accurate approsdmation. 

Myographic method * — We have seen that a dilatation accom- 
panies the contraction of the muscles, and follows it through 
all its phases. A shortening of the muscle, either rapid or 
slow, feeble or energetic, as the case may be, will therefore be 
accompanied by a lateral dilatation which will have similar 
characters of rapidity or intensity. At each depression of the 
wing of a bird, the large pectoral muscles will subject to a 
dilatation which it will be necessary to transmit to the re- 
gistering apparatus. 

We shall have recourse, for this purpose, to the apparatus 
which we have employed in determinations of the same kind, 
when treating of human locomotion. Some slight modifica- 
tions will enable them to give signals of the alternate phases 
of dilatation and relaxation of ihe large pectoral muscle. 



Fio C3.-»Appftmtus to l&veBtigato the eontxaetloii of the thor»oio xhukIoa 
of tlie blm TIte upper convex eur&ce !• formed of a xaembrane of india- 
nibber wipported by a epM spring; this pert ia appli^ to the museleR. 
^0 lower nurfaco, in oout^t with the eonet, oarnee four small hooks 
whiuli ore fastened in the stuff and keep the instrument in its place. 


The bird flies ia a space fiflioea metres square and eight 
metres high. The regietering apparatus being plaxsed ia the 
ceatre of flie room where the experimeat is made, twelve 
metres of iadia-rubber tubing are eufiSoient to establish a 
constant communication between the bird and the apparatus. 

A sort of corset is fixed on a pigeon (see figure 94). Under 
this corset^ between the ttuf^ which is tigh% stretched, and 
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lihe pectoral mtisdes, a small instrument is slipped^ \ 7 hiclx is 
intended toshow the dilatation of the mnsdes, and is constructed 
in the following manner : 

A little metd pan (£lg. 93), containing within it a spiral 
spring, is dosed lay a membrane of india-rubber* This closed 
pan communicates with a tube transmitting air* 



•v tnd Mmo tSiBO» iV^uttncy of tbo movomoittii uf Iho wituf 
ttd tbs nlatiw duntUoas of its stoVatlosi tma dctn^ltm. ^ 


Each preBswe oa the india-rubber membrano dupreMu 
it, and ibe spring gives way ; the air is driven out of tbo pat 
and escapes by the tube. T^ea tbo pressura ceases, tbo a 
IB returned to the instrument by the elastUnty of Um i^rio 
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‘which raises the memhraiae. Alternate outward and inward 
currents air are thus establidced m the tube, aiid ‘this 
movement transmits to the registering apparatus the signals 
of the less or grsater pressures exerted on the membrane of 
the small pan. 

The registering instrument is the lever drum, with which 
the reader is already ac^'uainted. It gi‘ves an ascending curve 
while 'the muscle contracts, and a descending one when it is 
relaxed. 

Fig. 94 rqtresents the general arrangement of the experi- 
ment, in which the eleotrio tdlegraph and the transmission of 
air are used at the same lime. 

It shows a pigeou fitted with a corset, 'under which is 
slipped the instrument ‘which is to show the action of the 
pectoral m'osoles. The transmitting tube ends in a registering 
apparatus, whudi ‘writes on a revolving ^linder. 

At the extremify of &e pigeon’s wing is the instrument 
which opmis or doses an electric current, as the wing rises 
<xr ainira. The two wires of the ohreoit are represented as 
separated from one another ; within the circuit are seen two 
elements of Bunsen’s pile, and the electro-magnet whudi, 
being furnished with a lever, reg^ters the telegraphic signals 
of the movements of the wing. 

Eatperiment.-^Tbi bird is sot &oe at one extremity of the 
.room, the dove-cot in which it is usually kept being placed 
at the opposite end. Tho bird as it flies naturally seeks its 
nest in which to rest. During its flight we obtain the tracings 
represented by fig. 95. 

It is seen ^t the tracings diflbr according to the kind of 
bird on whidi the experiment is made. However, ‘wo ob- 
serve in each of the tracings the periodical return of tho two 
movements a and b, which are produced at ewdi revolutiou of 
the wing. 

On what do these two muscular acts depend ? It is easy 
to discover that the undulation a corresponds wifli the musde 
tiu^ devates the ‘wing, and b with that whidh depresses it. 
‘Ibis can be proved : first, 1^ collecting, at the same time os 
‘the muscular tracing, those of the ascending end descending 
movements of the wing iranssfitted by electricity. ‘When 




Fill- fiSL--3i«««n|4ue«t trscini?* of the pectani mmSm lAbdaai fr»m different species of birJs during diicbt lane i, Cbronegmpltic 
tuniiis mn»«Wd U* nH»inve tbe elisaittte duistiatt of eseh musinilar nwreineiit ; this toning fork Titiat«.s stxty timen per se<haid. 

Lmeit. Trserngof tbetausclcsof itwpfgeiHi ; tint timi{fgbt'»lieeBpr<»Jue«d under ciModititjas represented in fig lane in Tracing 
«C wild djHdc. font i% Trocoigof the OMior tozssrd. Lrn^^ v Tra.*utgof the connuon biuardL 



movements of the wings op birds. 233 


these two tracings are placed over each other, they show that 
the time of the elevation of the wing agrees with the dura- 
tion of the undulation a, and the time of its depression coin- 
cides with the undulation h. 

From this we may see how the undulations a and h are 
produced in all the muscular tracings obtained from birds. 
In feet, dose by the portion of the bird’s breast on which the 
experiment is made, and near the projecting edge of the 
sternum, there are two distinct layers of muscle ; the more 
superficial one is formed by the large pectoral, the depressor 
of the wing ; the deeper one by the middle pectoral, or ele- 
vator of the wing, w^hose tendon passes behind the forked 
part of the sternum to attach itself to the head of the 
humerus. 

These two musdes, being superposed, will act by their 
dilatation on the apparatus applied to them ; the elevator of 
the wing, swelling as it contracts, gives its signal by the un- 
dulation a $ the great pectoral signals the depression of the 
wing by the undtdation 5. 

We may verify the correctness of this explanation by means 
of a very simple experiment. Anatomy shows us that the 
muscle which elevates the wing is narrow, and only covers tlio 
depressor in its most inward part, situated along the ridge 
of the sternum ; so that if we displace the little apparatus 
which shows the movement of the musdes, and remove it a 
little outwards, it will occupy a part where the depressor of 
the wing is not covered by the elevator, and the tracing 
will only present a simple tmdulation, corresponding with 
h in the curves of fig. 95. It is thus plainly shown that the 
undulations a and b in the musoulsx tracings of the birds on 
which we have experimented correspond exactly with the 
actions of the principal muscles which elevate and depress 
the wing ; but we cannot attach great importahee to tho form 
of tho tracings, in order to deduce from them the precise 
nature of the movement performed by the mtisde. These 
movements seem, in feet, to encroach on each other ; so that 
tho relaxation of the elevator of the wing is probably not 
completed when the depressor begins to act. 

We expect nothing more £rom these tracings than that 



Fig 96 --Shoinixiff the dlfterences ot amplitude azkd frequenopef the strokes of a pigeoulB 'wfag, dating of 16 metresln 

length. To^e left ci the flgaro, we see great moyements which mark the bmmiliig of its di^k Unis ttaeing has be^ 
obtained on a cybnder whose rotatkm wasnot Tory rapid, whichaUowedustocoQsetagveat&amber of nwiyemeintsinasniaU 
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ttMcIi they more readily furnish ; 
namely, the number of &e revolu- 
tions of the wing, the greater or less 
regularity of these movements, and 
the equfdity 'or inequality of each of 
them. 

Confining the question ^ within 
these limits, experiment shows that 
the strokes of the bird’s wing differ 
in amplitude and in ffequency fir om 
one moment to another as they fiy. 
When they first start, the strokes 
are rather fewer, but much more 
energetic ; they reach, after two or 
three strokes of the wing, a rhythm 
almost regular, which they lose 
again when they are about to settle 
(fig. 96). 

TRATEOTOBY OP THE WINO OP THE 
3ZB3> nUEZNO PLIGHT. 

We have seen, when treating of 
the mechanism of insect flight, that 
the fimdamental experiment was 
that which revealed to us the course 
of -die point of the wing throughout 
each of its revolutions. Our baow- 
ledge of tlie mechanism of flight 
naturally flowed, if we xaay so say, 
from this first notion. 

The samodotermination is equally 
necessary for the flight of birds; 
but the optical method is unsuitable 
for this purpose* In fact, the move- 
ment of the bird’s wing, although 
too rapid to be appreciable by the 
eye, is not sufficiently so to furnish 
such a persistont impression on the 
retina as to show its whole course* 
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The graphic me£hod, -with its transmission of ri gnaTa, which 
ve have hitherto employed, only fhmishes the irr jmuunm of 
movements which take place in a straight Nna, such as the 
contraction or lengthening of a mnsde, the vertical and hori- 
zontal ostiUations of the body dnring the act of walking, &o. 
It is onfy hy combining this rectilinear movement with the 
nnifbtm advance of the smoked smc&oe that receives the 
iradbog, that we obtain tiie expression of the velocity 
which the movement at each inHtertt is effected. 

The action of the wing during dight does not consist 
merely of alternate devations and depressions. We have only 
to look at a bird as it flies over our head to aanap tein that the 
wing is curied also forward and backward at eadi stroke. 
From this double action must result a curve which it is neces- 
saiy to describe. 

It can be geometrically shown that every plane figure, 
that is to say, every %nxe snsc^tible of being described upon 
a plane surface, can be produced by the reotsmgnlar combina- 
tion of two rectilinear movements. The tracings obtained by 
Koenig by arming with a style Wheatstone’s vibrating rods, 
and the luminous figures of murical chords which Lissajous 
produced the reflection of a pencil of light upon two 
mirrors vibrating perpendicularly to each other, are well- 
known czamples of the formation of a plane figure by means 
of two rectilinear movements at right angles to each other. 

Thus, if we can transmit at the same time the movements 
of elevation and depression executed by the wing of the bird, 
as well as those which the organ makes forwards and back- 
wards ; then, supposing that a txaoingpoint can receive simnl- 
taaeouitiiy the impulse of these two movements at right angles 
to ea<h other, this point will describe on the paper the exact 
tracing of the movements of the bird’s wing. 

We have endeavoured first to construct an instrument which 
would thus transmit to a distance any movement whatever, 
and register it on a plane surface, without attending to the 
method by wMch this machine, which may be more or less 
heavy, might be adapted to the body of the bird. Fig. 97 
represents our first experimental instrument, the description 
of wbkh is indispensable in order to enable our readers to 
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understand the construction of the machine which we finally 
employed. 

On two solid feet carrying vertical supports, we placed 
two horizontal arms parallel to each other. These were two 
aluminium levers, wMch, by means of the apparatus we are 
about to describe, will both execute the same movements. 
Each of these levers is mounted on a Cardan joint, that is to 
say, a universal joint which allows every kind of movement ; 
so that each lever can be carried upwards, downwards, to 
the right or the left ; it can describe with its point the base 
of a cone of which the Cardan forms the apex ; in fact it will 
execute any kind of movement which the experimenter may 
please to give it. 

It was requisite to effect the transmission of the move^ 
ments of one of these levers to the other, and that at a dis- 
tance often or fifteen metres. This is done by a method with 
which the reader is already acquainted — ^the employment of 
air-drums and tubes. 

The lever, which in fig. 97 is seen to the left hand, is 
fastened by a vertical metallic wire to the membrane of a 
drum placed underneath it. In the vertical movements of 
the lever, the membrane of the drum, alternately dq^reased 
and raised, will produce a current of air, whidi will be trans- 
mitted by a long air-tube to ihe membrane of a similar drum 
belonging to the apparatus on the right hand. The second 
drum, placed above the lever which corresponds with it, and 
is fastened to it, will fkithfully transmit all the vertical 
movements which have been given to drum No. 1 (that on 
the left). The motion of the two levers will be in the same 
direction, on account of the inversion of the position of the 
drums. 

Let us suppose that we lower the lever No. 1 ; we com- 
press the membrane of the drum beneath it ; a cturreut of 
air is produced which raises the membrane of the second 
drum, and consequently lowers lever No. 2. On the contrary, 
the elevation of lever No. 1 will produce an inward current of 
air, which will raise the membrane and the lever of No. 2. 

Proceeding in the same manner for the transmission of 
movements in the hoxisontal plane, we place to the right of 




Itu. totended to ttananitt to a iMtoteitog lever at adfctance aU tto inovementa that are given to another lever. 
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one of the levels and to the loft of the others, a drum whose 
membrane, situated in the vertical plane, acts in a lateral 
direction; the transmission of these movements is made by a 
special tube, as in the case of &e vertical movements. 

The apparatus having been thus constructed, if we take in 
our fingers the eatremify of one of the levers, and give it any 
motion whatever, we shall see the other lever repeat it with 
perfect fideliiy. 

All the difference consists in a ^ight diminution of the am- 
]^tude of the movements in the second lever. This is beoanso 
the air contained in each of the systems of tubes and drums 
is slightLy compressed, and consequently does not transnait 
completely the movement which it receives. It woidd be easy 
to remedy this inconvenience, if it were found to bo one, by 
giving to the receiving appwatus a greater sensibility, which 
might be effected by placing the Ci^an joint a litdo nearer 
the point where the movement is transmitted to the lover of 
the second instrument. But it is better not to sedc to amplify 
the movements too much when we wish to register them by 
tracings, since we then augment the fiiction, and dimiwirfi the 
fbroe % whith it must he ovetoome. 

After having ascertaiiied that transmission of any move- 
ment whatevm: is effected in asa^cboioiy matmer by tbi* i^- 
paratos, we sought for a means of ftaoing this movement <ni a 
plane surface. The diffionlty which ooonrred in the applioatiott 

toe gtaphio method to ton study of the movement of the 
insects wing, again j^esents itself hen ; but in tUs mse there 
are no means of avoiding it by iakhtg ody partial tcadsgs. 

The point of the lever No. 2 describes in qpaoe a i^erioal 
figure incapable of becoming tangential, ean^t in a nngle 
point, to the mohed surfiaoe whi<to is to reedive the tracing. 
Ooos^nenty, it has been necessary to register the prqfeotlon 
of this figure on a plane surface, and to axtango the lever in 
such a manner that it may lengthen or shorten itself tui re- 
quired, in order to keep always in c(mtaot with the smoked 
glass. This result was obtained ty mesiu of a qpring which 
serv^ as a writing point. 

Fig. 98 shows the q^ng in question, at the extremify of a 
lever. It is wide at the bam, in order to resist any tendency 
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to lateral deviations under the influence of the friction ; this 
hase is fixed to a vertical piece of aluminium, which is 
attached by its lower part to the extremity of the lever. In 
this manner, the point of the spring -which acts as a style is 
considerably in :^nt of the lever whose movements it is to 
register. Let us suppose the lever to rise, and tahe the 
position indicated by the dotted line in flgure 98 ; while 
traversing this space, it will have described an arc of a circle, 
and its extremity will no longer be in the same plane as before, 
but the elasticity of the spring will have carried the vmting 
point more forward ; it v^ still continue, therefore, to be 



in contact with the plane on which it is to trace. Thus &e 
lover lengthens or shortens, as required, and its point 
always pressesonthe plane. The suxflujeonwhidithetraci^ 
is received is a weU-polisihed glass, and the spring which 
forms the style is so flexible, that the elastic pressure which it 
exerts upon the glass rubs it but slightly. 

The apparatus being thus arraaoig^ it must be submitted 
to a verifying process, to ascertain if movements axe faithfully 
transmitted and registered. 

For purpose, arming the two levers of fig. 97 vnth 
similar styles, we placed their points against the same piece 
of smoked glass; we directed with Ihe hand one of the levers 
so as to trace any figure, to sign one's name for instance ; th£ 
olhor lover ought to trace the same figure, to reproduce to 
same s^xmturo. 
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It generally happens that the transmission is not equally 
easy in both Erections ; we perceive a slight deformity in the 
transmitted figure, which is lengthened more or less both in 
height and in width. This fault can always be corrected ; it 
arises from the fact, that the membrane of one of the drums^ 
being more stretched than that of the other, obeys less easily. 
We soon succeed, by various trials, in giving the same sensi- 
bility to the two membranes, which is ascertained, when we 
find that the figure traced by the first lever is identical with 
that of the second. 

Experiment to determine graphically the trajectory of Aa vsing* 
— ^The following are the modifications which allow us to apply 
this mode of transmission to the study of the movements of 
the wing of a flying bird. 

As the apparatus must necessarily be of considerable weight, 
we chose a large bird to carry it ; strong full-grown busasards 
were employed in these experiments. By means of a kind of 
corset which left both the wings and the legs at liberty, we fixed 
on the back of the bird a thSa piece of light wood on which 
the apparatus was placed. 

In order that the lever might execute faithfully the same 
movements as the wing, it was necessary to place the Cardan 
joint of this lever in contact with the humend articidation of 
the buzzard. Therefore, as the presence of the drums by the 
side of the lever did not permit this immediate contact, we 
had recourse to a parallelogram, which trausmxtted to the lever 
of the apparatus the movements of a long rod, the centre of 
motion in which was very near the articulation of the bird's 
wing. Then, in order to obtain perfect correspondence be- 
tween the movements of the rod and those of the buzzard's 
wing, we fixed on the outer edge of the wing — that is to say, 
on the metacarpal bone of the thumb of the bird, a very tight 
screw clip, famished with a ring, through which dipped the 
steel rod, of which we have before spoken. 

Fig. 99 represents the buzzard flying with the apparatus 
just described ; underneath it hang the two transmitting tubes 
which are fixed to the registering instrument. 

After a great many fruitless attempts and changes in the 
construction of the apparatus, which, being too fragile, broke 
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at almost every flight of the bird, we succeeded in obtaining 
satisfactory results. During the whole of the bird^s flight 

registering lever described a hind 
of ellipse. This ellipse, registered 
on a plate having an advancing 
movement from right to left, gave 
figure 100. In order to under- 
stand thisfigure, we must ima^ne 
the bird flying from left to right 
(as the tracing is to be read), 
and rubbing the extremity of its 


that represented in fig. 100. 
This curve is a hind of ellipse 
spread otft by the advancing mo- 
tiosBL of the plate which receives 
the tracmg. Except some trem- 
bliAgs of the line, which arose 
froia the imperfection of the 
apparatus, the trajectory of the 
bfrd^s wing may be compared to 
the tracing given under &e same 
conditions by a Wheatstone’s rod, 
tuned in unison, and giving an 
elliptical vibration. 

Fig. 101 represents a tracing 
of this hind* 

Thedeternuiiationof the courao 
of the wing, with the difleront 
phases of its velocity, is so im- 
portant, that we resolved to verify 
by various methods the ntaliiy 
of this elliptical form. All our ex- 
periments have furnished results 
which agree with each other; they have shown that birds of dif- 
ferent species describe with their wings an elliptical trajectory. 


with smohe; the tracing which 
its wing would leave under these 
conditions would he identical with 
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p^Estemo lead already determined by his esperiments that 
this trajectory existed ; and he has even figured, in his 
the cu^e described ; but, in his opinion, the larger axis of 
the ellipse would be direct^ downwards and backwards, which 
is entirdy opposed to the result of our experiments. 
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Fta. 101.— ElllpBO formed by a Wheatstone's rod tuned in unison, and 
tracing on a voTolvmg cylinder. 

We remark also the unequal amplitude of the strokes of 
the wing from the commencement to the end of fig. 100. 
This variation in size agrees with what we have already 
stated concerning fig. 96. This showed that at the com* 
inencoment of its flight, the bird gives stronger strokes with 
Its wing. It is at that moment, in fact, that it has to effect 
the maximum of work, in order to rise from the ground. 
After this, it will only need to remain at the height which it. 
has attained. 
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CHAPTER V. 

OF THE OHANOES IN THE PLANE OP THE BIRB’S WING AT 
DIFFERENT POINTS IN ITS COURSE. 

New dotcrmination of the trojectoiy of the wing— Description of apparatus 
—Transmission of a movement by the traction of a thread Instru- 
ment and apparatus to suspend the hiid.— Experiment on the flight of 
a pigeon— Analysis of the curves— Description of the apparatus 
intended to give indications of the ohanges in the plane of the wing 
during flight— Relation of these changes of plane with the other 
movements of the wing. 

jxzvr mtehmikatjon of the tbajectoey of the •wino. 

The simultaneous analysis of the ohanges in the plane of 
the wing, and of the various phases of its course, would have 
presented great difficulties, if we had not discovered a new 
aiTangement of the ai)paratus, which allowed us to examine, 
at the same time, an almost ixffinite number of different 
movements. 

This simplification of the motliod consists in the employ- 
ment of threads to transmit tlie movement of any point 
whatever to the experimental apparatus, which in its turn, 
sends it by the ordinary means to ffie registering instrument. 

Deampthm of apparatus * — Let fig. 102 be two lever-drums 
Gonnected together, similar to those already represented in 
%. 21 . 

The lever L belongs to the experimental apparatus, that on 
which the movement to be studied is to act. On the &ame 
of this first instrument let vs place an arm of bent wire, from 
the extremity of which an india-rubber thread, P, will pass to 
the lever L. From the some lever hangs a cord of twisted 
silk, C C, to which is suspended a leaden ball. 

Let us suppose the ball to be at its lowest position^at 
tlie point A---*the lever L occupies the place marked by a dotted 
line, while in the registering instrument the air driven out 
3 aiiios the lever L^ which traces tlxe movement. 
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Now let us raise the laH to the poeitioii B ; the elasticity 
of the india-rubber thread will cause the lever to rise. Thus 
it is acted upon altematdy by two forces, sometimes by the 
traction exerted by the silk thread, which lowers it ; at others, 
by the retraction of the india-rubber, which re-aots as soon as 
the tractile force ceases. Thus the lever will follow faithfully 
all the movements which are given to the extremity of the 
thread which draws it down. 



The lever L^ which is to trace on the cylinder the move- 
ments transmitted to it, moves in an opposite direction to the 
course of the cord 0 C. The tracing will thus be reversed, 
and if it were important to obtain it in the same direction, it 
would be necessary to turn the registering drum, so as to place 
the membrane downwards.* 

With two instruments of this kind, one acted upon by the 

* As many instnwnonts of this kind are required as there are move 
monts to he studied* But three connected levers will always he sufficicn 
to SHCorlain the movements of a point in space, since each of the po« 
tions of this point is defined when it has been determined with referei 
to three axes at right angles to each other. 
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TOrtacal tractioas of a lihread attached to the wing of the h^ 
and ihe other by the honzoatal tracMle force of a second 
jihxead also fhetened to its mag, we oaa verii^ the e 2 ^) 6 rimeat 
*t^oh has furaished as with &e trajectory of this organ, and 
obtain with much greater accuracy the curve illustrating its 
movements. This we have perfectly succeeded in doing, as 
we shall show further on. 

But this is not all that we wished to obtain. We might 
Irave made the bird '^ony the apparatus which we have just 
described, and put i^ in communication with the registers hy 
means of tubes, as ia^e experu^t x^resented iu fig. 99. 
But while seeldng tg^ender the ax^ogies of the movements 
of flight perfect, wo wished al|b to discover a plan which 
would be equally apjilioable to t^Cving bird, and to every 
kind of maclune intended to represent artificially aerial loco- 
motion. . 

In this project we must endeavour to copy Nature in her 
functions, us the artist does in her form. We must give more 
rapidity to movements which are too slow, and render those 
slower which are too rapid, until they have absolutely the same 
characters and the same meohaniciu effects as those of the 
bird. 'i 

This incessant compMson xequ^ us to place ourselves 
under new conditions. Hitherto, analytical studies have 
been directed to a bird at liberfy ; for since we have 
never been able to intpie flight exactly by mechanical 
methods, it would bo imp^ible to leave an artificial instm- 
ment to itself; it would be broken at each experiment. 

The comparison of the movements of the bird with those 
of imitative instruments does not require these movements to 
be efiboted under the conditions of fine flight. Provided that 
the Mrd, although restruned in its movements, should flap 
its wings with we intention of flying, we shall be able to 
study these muscular actions with reference to their characters 
of foxo^ extent, and duration. A bird suspended by a cord 
and allowed to flap its wings might, for exam;^ be com- 
pared with axt artificial apparatus suspended in tbe same 

We have tried a less impex&ct mode of snspensimi wMch 
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allows tlie bird to fly under conditions almost normal, and 
at tbe same time will permit the artiflcial instruments to make 
attempts at flight, without any fear of letting them Ml, if 
the movements wHch they produce should be insuflloient to 
sustain them in the air. We will now describe this suq)en- 
soiy apparatus. 

There is a sort of frame-work of six or seven metres in 
diameter, in which the bird moves continuously, being thus 
able to furnish us with an observation of a circular flight of 
long duration. We give the instrument a large radius, that 
its curve, being less abrupt, should modify less the nature of 
the movement which the bird may make. Harnessed to some 
extent to the extremity of a long arm which turns on a central 
pivot, the bird ought to be as free as possible to go through 
its movements of vertical oscillation. We shall presently see 
that a bird passes through a double oscillatory movement in 
a vertical phme for each revolution of its wings. 

Arrmigement of the frame , — The conditions to be fulfilled are 
the following: m the first place, a great mobilify of the 
instrument Siat the bird may have the least possiUe resist- 
ftttco to overcome in its flight ; then, a perfect rigidity of the 
arm of the machine, to prevent any vibrations peculiar to 
itself, which might render unnatural the movements executed 
by the bird. 

Fig. 103 shows iiie general arrangement of the apparatus. 
A steel pivot, resting on a solidly-cast socket of great weight, 
is placed on the platform of a photographic table. This table 
is rais^ by means of rack-work, so that the operator, after 
having arranged his apparatus so as to suit the experiment, 
may place the platform suffldenfly high for the instrument to 
turn freely above his head. 

l^e frame-work, properly so called, is a bow formed of a 
long piece of fir-wood slightly curved. The string of thif 
bow is an iron wire, which is fixed by the middle to a oaf 
of wood traversed by the- central pivot. Care is taken 
balance the two ends of the apparatus, by gradually add 
weights to the arm not carrying the bird which is the sub, 
of the experiment# 

if we aot take this preoautioa, the apparatus, as 
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tumB; would give lateral movements to the pivot on wliicli it 
rests^ and to ^e 1}ase itsdf. 

To fomislL the bird with a solid point of snspension, pro- 
tected not only &om vertical oscillations, but &om move- 
ments of torsion, we have placed at each end of the instrument 
a cross piece of wood, to the two extremities of which axe 
attached cords communicating with the ceiling of the room. 
At this point is a revolving which toms fireely with the 
machine. 

Of the apparatue which suspends the bird, — Fig. 104 shows 
the details of this suspension which binds the bird to the arm 
^ of the instrument, wMe it confines as little as possible the 
liberfy of its movements. 

Of ike registering apparatus . — ^The transmitting tubes are 
arranged along the arm of the instrument; they are fastened 
to it throughout all its length, and end in a register which 
carries thm lever-drums tracing on the revolving cylinder. 
The instrument in its rotation would cause the transmitting 
tubes to roE round its axis^ if the register to which they axe 
directed did not participate in the general rotation. 

We see in fig. 103 how this apparatus is arranged. The 
cylinder is placed vertically above the axis of the instrument ; 
the three levers trace upon it. The whole apparatus rests 
on a tablet, which turns on the central pivot. We have here 
weE-known arrangdhients, in which several movements are 
registered at the same time on the cylinder ; it wiE, there- 
fore, be useless to repeat the precautions whicsh are to be 
taken in the management of the apparatus, such as the exact 
superpositiott of the tracing points, &o. 

The movements of the wing are extremely rapid ; they can 
be registered only on a cyEnder turning with great velocity ; 
that which is employed in this experiment makes one revolu- 
tion in a second and a half. The shortness of the time at 
our disposal to trace the movements of the bird compel us to 
do so only at the precise moment when the phenomena which 
we wish to observe are presented, whether it be the swiftest 
flight, the gradual slackening of its speed, or the efifoa^ 
made at starting. If the three levers were to rub constantlj 
on the cylinder, we should soon have nothing but a confused 
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scrawl. It is indispensably necessary so to arrange the 
instrument that the points of the levers j^ould touch the 
cylinder only at the moment when we wii^ to register the 
phenomena, and to cease this contact after one, or at most 
two revolutions of the cylinder, in order' to avoid confusion in 
the tracings. 

We have recourse, for this purpose, to the arrangements 
already made in our experiments upon walking. 

Fig. 103 shows the experimenter at the instant when he 
is about to take a tracing from the p^on. Observing the 
flight of the bird, he seizes the moment when it becomes 
rf^gular, and squeezes the india-rubber ball. The contact of 
the levers is immediately produced, and the tracing is made. 
After a second and a half he ceases to press it, the spring 
removes the levers from the cylinder, and iiie tracing is over. 

With a little practice it is very eai^ to ascertain the dura- 
tion of the revolution of the cylinder, and to confine the 
tracing to the necessary length. 

This long description was necessary, as we were anxious 
to make this apparatus understoodf it being the most im- 
portant of all, on account of its double function. We dxall 
have to employ it, not only in the analytical, but also in the 
synthetical part of these studies, when we ^all attempt to 
represent the movements in the bird’s flight. 

New detemination of the trajectory of a hird*s wing, — A, 
pigeon was made use of in ibis experiment. It was a male 
bird of the variety called the Roman jngeon, very vigorous, 
and accustomed to fiy.^ Kg. 104 shows the arrangement of 
the apparatus which we have used for the purpose of study- 
ing its movements. 

It is more especially to the humerus that we have direct^ 
out attention, in order to obtain the movements of the wing in 
Bpace. For this purpose a wire is twisted round the bone, 
holding it as in a ring, and fumidfing by its free ends a firm 
point of attachment outside the wing for other wares whion 
act on &e experimental drums. 

* This latter point is of great importance, for the greater port of the 
bink in a dove-cot are of no nse to us, on account of flaeir inexperience in 
flight. 
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The moTements of the two wings being perfectly symme-' 
tried in regular flight, we cause two wires, which pass sym- 
metrically :&om the wings, to converge to each of the experi- 
mental drums. Thus, drum No. 1, intended to give signals 
of the elevation and depression of the wing, receives two 
wires, each of which proceeds from one of the humerus bones 
of the pigeon, at about 3 centim., l-J- in. outside the articulation 
of the shoulder. These wires rise and converge, and are 
attached to the point of the lever No. 1; while jBrom the 
same point proceeds an india-rubber thread,* whidi serves as 
a counter-spring, and rises vertically to a hook above, which 
holds it. 

We have before seen (fig. 102) how the lever of the 
experimentd drum receives, under these conditions, all the 
movements of devation and depression executed the 
humerus of the bird. 

Two other wires, each attached to the humerus of the 
pigeon on each wing, az^d starting from the same point of the 
bone to which were fastened the wires of drum No# con- 
verge also, turning backwards, and' proceed to the lever of 
drum No. 2. This* is the drum which receives the movements 
executed by the wing in the antero-posterior direction. The 
two drums send their signals by air tubes to the register 
situated in the centre of the apparatus. 

Experiment . — After having ascertained that the two levers 
intended to trace have their points situated on the same 
vertical, the pigeon is allowed to fly# The bird goes through 
the movements of flight, and soon carries round with con- 
siderable rapidity the instrument to which it is attached. 
The operator, placed in the centre of the apparatus, has only 
to follow for a few paces the rotation of the instrument. 
During this time he holds in his hand the india-rubber ball, 
and has only to compress it, in order that the two levers may 
rest with their points against the blackened paper, and that 
the tracing may commence. As soon as the flight is well 
established, and seems to be carried on under satisfactory 

* In f g. 104 a spiral spring has been substituted for this india*niblttr 
thread. 
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eonditioss, lie compresses the ball, and produces tlie tracing 
represented in fig. 105. 
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Pit). 106,— Tttioing of tho movemonts of a pigeon’s wing. The upper line, 

A P. Khovrs the xnoTomontB forwards and baokwaide. The lower hue 
ll lit tlxe meyements up and down. 

InUrpretation of the tracings , — ^The ouires are read from left 
to right, lilsie ordiaary -writing. The npper curve is that 
described* by the humerus of a bird in its movements for- 
wards and backwards ; the directian of these movements is 
indicated by the letters A and P, which signify that aU the 
tops of the curves, as wdl as that at A, correspond with the 
time when the wing has reached the most forward part of its 
course ; the lower parts of the ciuwes, on the contrary, indicate, 
as well as that at the point P, the moment when the wing 
has reached the hinder part of its movement. 

The horizontal line which cuts this curve has been traced 
in a previous experiment by the point of the lever at the 
instant when the wings of the bird, kept motionless by an 
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iissistaiit^ may be oozisidered as horizontally extended^ tending 
nmther forwards nor backwards. This line represents^ there^ 
fore, to some extent, the zero of the scale of the movements 
of Ihe wing in its antero-posterior direction. The inspectioa 
of the curve shows us also, that the pigeon’s wing was carried 
more especially in the dmection of the upper parts, similar ta 
the point A; in other terms, that the forward predominated 
over the bad^ard movement. 
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Pig. 106 —Supposition of the precedinff.curves on paper divided 

curves liave a common direction with rafereno«»to the 
azu 01 the a oscissse 

The same explanations would apply to the lower curvo 
H P, which expresses the movements of the wing upward? 
and downwards. 

In order to aso^ain if the course of the pigeoa^s uing in 
the present experiment is apparently the same as that of tlio 
buzzard recorded before, we have constructed tlio (‘oniplot«> 
curve of the wing during one of its revolutions, making usn 
for this purpose of the two partial curves of fig. 105 , 

The foflowing is the method employed in this coawfrw'tion s 
In order to give more fSadlify to the mcttsuremont of iha 
positions of the different points of these curws, we hiivo 
copied them both on a paper graduated in centimetres and 
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ixdllimetiss. We Imve traced in ML line one of these cuzyes^ 
that of the movements in the antero-posterior direction, the 
001IJ86 of which is indicated by the letters A and P; then we 
have represented, by a dotted line, the curve of the upward 
and downward motions with the letters H and B. We have 
placed these two tracings over eadh other, so as to mahe the 
zerodines of each coincide. We have also taien care' to 
preserve the vertical superposition of the corresponding point? 
of each of these curves ; we may therefore be certain that, 
wherever any vertical Ihie cuts the two curves, the inter- 
sections correspond with the position which the humerus of 
tho bird occupies, at that instant, with reference to two planes 
at right angles to each other. The intersection with the dotted 
line will express, by tlie length of the ordinate drawn from 
this point to the axis of the abseissm, the position which the 
wing then occupies with reference to an horizontal plane ; the 
intersection with the full line will express the position of the 
wing as referred to a vertical plane. 

This determination is realised in fig. 107 for the trajectory 
of the wing, whidx has been constructed by successive points 
in the following manner:— 



'W ll>7 • CfilWHUOMOnwnillOJWJBoauiBiaJrv.1. ah wrow 
•JlfH-tbnurf tho fto^lKipmatton <)i the dote nyrttm to 

nf to mmamSM ot to irts« rt to dWMWt ot tt* 

.Mine. 
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Let there be two lines, a s, forming the axis of the 
and y that of the ordinates. Let us assume, that 
all which is above the line of ftero^, in the full curve~that is 
to say, whioh corresponds with a movement in a forward 
direction, ought to point to the right of the line y y. In- 
versely, that all which is below the zeros, in the fiill curve, 
will point to the left of the axis of y y. The position with 
reference to this axis will be reokoi^ parallel to it, by 
means of millimetric divisions. 

On the other hand, the different measurements taken on 
the dotted curve (that which mtpresses the upward motion of 
the wing) must point to the corresponding elevation, reckoned 
above or below the line » x, according as these poiats in the 
curve of the elevations are removed a certain number of 
millimetres either’above or bdow the zero line. 

Let U 9 as our point of departure, in the construction 
of the new curve, the point o (fig. 107), chosen on the dotted 
line, at one of the times when the wing has arrived at one of 
its anterior limits. 

This point, according to the millimetric scale, shows us 
that the wing is depressed 13 divisions beneath the horizontal 
line. Let us follow the vertical line which passes through 
the point e, till it meets with the curve of movement in &e 
antero-posterior direction: the intersection of tlds vertical 
line with the curve shows us that the wing at tins moment 
had been carried forward 26 divitions; on the new curve, 
therefore, the point a ought to be marked at a wdl-asoertained 
position Of which will be found at the intersection of the ttuT' 
teenth division below the axis x x, with the tweniy-sixth to the 
right of the axis y y, which according to what we have as* 
corresponds with 26 divisions in the forward direction. 

To determiue a second point in our curve, let us proceed, 
in -wjiadtog the tracings, one millimetric division farther to 
the right; we dxaU find, as before, the intersection of the 
vertical at tins point with the two curves, and we shall thus 
have a second point in the new construction determined. 

The series of successive points obtained in this manner 
form a curve which shows the course of the wing ; the arrow 
indicates the direction of the movement. 
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By eoxisinictisg thus the whole figure, we see that this 
curve, after proceeding downwards and forwards, rises and 
returns back again. 

By comparing this figure with that which we have obtained 
by means of another apparatus (fig, 100), on another kind of 
bird, and by examining the movement of another part of the 
wing, we shall find striking resemblances between the two 
curves, which show that birds proceed in their flight by 
movements which are almost identical. In fact, the bone of 
the wing in each describes a kind of irregular ellipse, with 
its greater axis inclined downward and forward. The im- 
portance of this determination is so great, that we trust we 
shall be pardoned for the long and minute details of the 
experiments which have famished these results. 

OF THE CHANOES IS THE PLANE OF THE WING. 

We have seen in Chapter I. that the wing of the insect is 
subject to torsions under the influence of the resistance of the 
air, and that the indination of the plane of its wing is 
changed at every moment. These movements, which are 
entirely passive, constitute the essence of the mechanism of the 
insect’s flight; the wing, in each of its alternate movements, 
acts on the resistance of the air, and gains from it a force 
which is exerted on the membrane by the side of the maix>- 
rib, thus serving to sustain the insect and propel it forward. 
The structure of the bird’s wing does not ^ow the existence 
of a similar mechanism. Its wing during its ascent does not 
Xmsent to the air a resisting plane, because the feathers which 
fold over each oihor would open to allow it to pass through* 
The depression of the wing is therefore the only phase in the 
flight of the bird which has any analogy with that of the 
insect. Besides, the curve described by the point of the bird’s 
wiug is sufficiently different from that of the insect, to prove 
that their mechanical conditions are very dissimilar. 

It was indispensable to determine by experiment the dif- 
ferent inclinations of the plane of the bird’s wing at each 
phase of its revolutions. In fact, to estimate the resistance 
which the uir presents at each moment of the flight, we must 
know the two elements of this resistance ; first, the angle 
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tmJer which flie plane of the wing strikes the air, and 
secondly, the velocity with which it is lowered. Nothing is 
more easy than to obtain the second data of the x^^oblem ; 
we can reduce them from the curve which represents the 
position of the wing at each instant, a curve of which we 
have an example in dg. 107, as obtained from a pigeon. But 
the diffiouliy which presents itself, is to obtain the indication 
of tlie changes which taket place in the plane of the wdng 
during flight. For this purpose we have had recourse to the 
following mechanism. 

We have seen, in fig. 99, tiiat a rod connected with a 
Cardan universal joint, whose centre of rotation is near tho 
soapulo-humeral a^culation, can be made to represent ao 
curately the circular movements of the wing. But Cardan’s 
joint, ihongh it obeys the rotary motions of every kind which 
are given to the rod, does not allow any movements of torsion 
with reference to the axis of this rod. 



Fio. I 08 .^Theorotlottl figure of t^^up^ratue to iitveeUgato tbo torilon ot 


Let £g. 108 be a kind of appaxatos of ibis sort : we cun 
give the rod 1 1 evexy hind of motion in the veitioal or hori» 
zontal direoiion; it will follow all the impulses which it 
reoeiTes. But if we take hold of the extremity of the rod, 
near the lever I which is perpendicular to it, and tty to give 
the lever a movement of torsion, as if we were turning a screw, 
the Cardan does not allow this movement to be made, and the 
rod resists the impnlso brought to bear upon it. Let tu 
suppose that behind the Cardan jomt, and on the prolonga. 
tion of the rod 1 1, there is another cylindrical rod, p, turning 
in a tube ; this rod will turn under the influence of the torsion 
exercised by the hand bolding ibe lever I, and if tho rod p 
carries a lever I', at right angles to it, and sitaated in thu 
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same plane as we shall see that these lerexs cairespond 
^^iih each other, and that every change of plane nndergone by 
the first; will be transmitted to the second. 

Under these conditions, if we cause the lever I to signal the 
changes of plane which the wing undergoes in the various 
phases of its revolution, these changes will be communicated 
to the lever which can in its turn act on an experimental 
apparatus, and transmit the signal under the form of a 
tracing. This is precisely the method which we have em- 
ployed in our experiments. The lever I was placed upon the 
wing of the bird, and was held in a horizontal position. 
The lever i', also horizontal, was fastened by a wire to the 
lever of an experimental drum placed above it, and arranged 
in the same manner as in the experiments described in the 
former chapter. 

When we caused the plane of the wing to oscillate, so as 
to turn its upper surfhce more or less backwards, the registered 
curve was depressed ; it rose, on the contrary, when we turned 
the wing so as to carry its upper surface forwards. 

Still a difficulty presented itself. It was not possible to fix 
the lever I at one point of the rod 1 1 ; and, at the same time^ 
to render it immovable at a single point in the bird’s wing. 
In fact, the Cardan joint, not having the same centre of motion 
as the articulation of the wing, it followed that in the vertical 
movements the rod slipped upon the wing. It was necessary, 
therefore, for the lever 2, while fixed to the feathers of the 
bird, to glide firedy on the rod in the direction of its length, 
and yet that it should cause it to receive, under the form of 
torsion, all the changes of inclination that are transmitted to 
it by the wings of the bird. We see in fig. 109 how this 
result has been obtained. 

Let 1 1 be the rod which is to follow all the circular move- 
ments executed by the bird. This rod has in it deep 
longitudinal grooves, which give its section the appearance of 
a star; it glides jEreely in a tube which is applied to its 
external surface. But at one of the extremities of the tube is 
a metallic dxding casting, the interior part of which is grooved 
li ke a star, through which passes the rod whose grooves slide 
in those of the star-shaped opening. Then the lever i is 
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soldered to this tube, and is able to more with it to any point 
along tiie rod, thus AUowing full liberty to the movements of 
flight, while no change of plane ban be effected without coin- 
mnnicating a movement of torsion to the rod. 

After some experiments, it became necessary to make im- 
provements in this apparatus. Thus, the lever I had a tendency 
to get twisted on accoxmt of the displacement of the feathers 
during flight; it was replaced (fig. 109) by a piece with throe 



Fiq. 100,— Actual arrangement of the apparatus intomlorl to experiuiitit 
ujion the tnovemente of the wing, and ita change of plane. 



movable levers, hbh, iuming in the same plane round a 
common centre, like the blades of a fan. Bach of these Httlo 
branches terminated in a hook. After having attached the 
sliding tube to the fahe viing of the bird, the extremity of 
each of tiiese three blades was tied to one of Cie long feathers 
of the wing. This ligature, made with in^a>rabber, gave 
excellent xesttlts. 

The lever I (fig. 109) was also defective on account of its 
unequal action. In its stead was substituted a |nilley of siiort 
radius, placed on the rod prolonged behind the Cardan joint. 
The thin cord r r, which was to transmit the torsions of tltn rod, 
passed round the wheel of this pulley. In this manner tlio 
rotation of the pulley, resulting from tho torsion of tho rod, 
always fiaitbMly transmitted this torsion to tho exporimontul 
lever. 

To put an end to this long description of tlm instrument 
intended to transmit tho signols of tho elovatiun and doprossioit 
of the wing, let ns only say that tho piece situated at tho bow* 
of the lever t t is intended to transmit tho vertical and 
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horizontal movements bj two i^steina of cords- For the 
vertical ones, a cord v goes to the lever of the experimental 
drum. The cord h transmits to another apparatus the 
movements in the horizontal, that is, in the antero-posterior 
direction. 

Experi»ient.-^A buzzard to which this apparatus has been 
adapt^ is harnessed to the instrument and allowed to fly : we 
obtain at the same time the three curves represented in 
fig. 110. With these three data, we can construct, not only the 
trajectory of the wing, but the series of inclinations of its plane 
at the difienmt points of its course. 

The curve traced with a full line corresponds with the 
movements of the wing in an antero^posterior direction. The 
point A, and those homologous with it, correspond with the 
extreme anterior position .of the wing ; the point P with the 
extreme posterior position. The curve form^ of interrupted 
strokes indicates the relative hoight of the wing in space ; the 
point n corresponds w*ith the maximum elevation of i^e wing, 
and the point B with its greatest depression. 

These two first curves enable us to construct, by means of 
poinlH, the closed curve* (fig. Ill) representing the trajectory 
of the buzzard’s wing. It is by this trajectoxy that we shall 
dotemine the inclination of the idane of the wing at every 
part of its elliptical course* 

For this purpose, w*o must return (fig. UO) to the dotted 
curve H, which is the expression of the torsions of the wing at 
different instants. The positive and negative ordinates of this 
curve consspond with the trigonometrical tangents of the 
anglesf which the wing mah^ with the axis of the body.{ 

* This sum is not always dosed ; this is the case only when the flight 
if extremely rtgnlsr. 

f Ws must iuhtrioi slgebrdoally from the angle found, a constant 
quantity, the angle of S(^ whioh the wing^ during repose, makes with the 
horison. 

t We cannot positively affirm that this axia is horizontal ; it seems 
rather that it is inollned so that the bosk of the bird turns slightly 
upwards. This indlaation of the axis would neoessltate a correction in 
the absolute inclixxatlons of the wing at the different points of its 
revolution. 
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They enable ns, therefore, to trace in fig* Ilia ot* 

lines, each of •which expresses, by its inclination with resiiect 



o the* horizontal axis, that wliicii tlw ut the wina 
)resented to the horizon at this satno {K^rtioii of iti cuur^» 
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The direction of the movement of the •wing is read from above 
and forward, from H to Av. 

Fig. Ill shows that the wing during its ascent assumes 
an inclined position which allows it to cut the air so as to 
meet with the minimum of resistance ; while in its descent, 
on the contrarj^ the position of its plane is reversed, so that 
its lower surface turns downwards and slightly backwards. 
It foUow’s, that in its period of depression, the wing, by its 
obliquity, acts upon the resistance of the air, and while raising 
the body of the bird, carries it forward. We see, also, that 



Tin in.— Inclhmtlonii of tlio piano of tlie winff with reference to the axis 
(Ay) of the body during Alght 

the inclinatiott of the Tring changes gradually, in the different 
phases of its elevation and of its descent, ^ecially in this 
latter plmee, the influence of the air in shaping the course of 
the wing is more evidently seen; it is, in fact, at the moment 
when tho rapidity of its depression attains its maximum that 
wp seo the posterior edge of the wing tom up the more strengly. 

Tho wing, when it has reached the end of its descending 
pfrtirse, changes its plane very suddenly. The expiration of 
this movement is very natural. As soon as the wsistanw of 
tho air ceases to raise the feathers, these, by their dar®^*y. 
rctiurn to their ordinary position, which they occupy driring all 
the phase of elevation. 

Even the ellipse whhdx forms the trajectory of the wing can 
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be explained by tbe resistance of tlie air. The muscular 
apparatus of the bird, like that of the insect, has nothing to 
do tfith the course of the wing; elevation and depression are 
almost aU the movements ^at it can produce. But the 
resistance of the air during the phase of descent gives rise to 
the anterior convexity of Ihe curve passed through, by means 
of a mechanism which we already understand. The posterior 
convexity which belongs to the ascensional phase is also 
explained by the action of the air on the lower surface of the 
wing, which it canies backward at the same time as it raises 
it. We mnst seek for the demonstration of this theory in the 
artificial representation of these different movements. 


CHAPTEE VI. 

EE-ACTIONS OF TUB MOVEMENTS OF THE 'WING ON THE 
BODY OF THE BIRD. 

Be-actions of the movements of the wiag— Vertical redactions In different 
species ; horisontal re-actions or changes in the rapidity of flight ; 
simultaneous study of the two orders of re-aetions«-Theoiy of tho 
flight of the bird— -Fassive and active ports of the wing-^Reproduc- 
tion of the mechanism of the flight of the bird. 

In order that we may follow^ in studying the flight of the 
bird| the same plan which has guided our researches on the 
other kinds of locomotion, we must determine what are the 
reactionary effects of eacdr of the movements of the wing on 
the body m the snimaL 

Two distinot effects are produced during Sight : by one^ the 
bird is sustained in opposition to its weight ; by the other, it 
is subjected to a propulsive force which carries it from one 
place to another. But do w*e find that the bird, when sus- 
tained in the air, keeps at a constant level, or does it pass 
through osoxUatians in the vertical plane ? Dob§ it not 
experience, by the intermittent effect of the Sapping of its 
wings, rising and &lHsg motions, of which the eye can detect 
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neither the freqaenc^nor the extent ? Again, does not the bird 
adyance in its onward course with variable rapidity ? Shall 
we not find in the action of its wings a series of impulses, 
which give to its advancing course a jerking motion ? 

These queries can be answered experimentally in the follow- 
ing manner. 

Since we have at cur disposal the means of sending the 
signals of movements to a distance, and recording them by 
tracings, when these movements are made to produce a pres- 
sure on the membrane of a drum filled with air, we must 
endeavour to reduce to a pressure of this kind the movements 
which w^e desire to study. 

The oscillations which can be effected by the bird in a hori- 
ssontel plane must be made to exert on the membrane of the 
drum pressures alternately strong or feeble, in proportion as the 
bird mounts or descends. The same kind of experiment must 
be made on the variations in its horizontal rapidiiy. 

The question has been already solved &r the vertical 
re-actions, by means of the apparalaxs represented in fig. 28, 
when we were treating of terrestrial locomotion; a slight 
modification will allow us to employ the same method to 
ascertain whether vertical oscillations are produced during 
flight. 



Fig. 112 shows the arrangement that we have adopted. 
The mass of lead is applied directly to the membrane ; some 
wire-work protects the upper surface of the apparatus from 
the friction of ihe feathers of the bird, which, without this 
precaution, might sometimes affect the frrm of the tracing; 
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After having convinced onrselves that the apparatus trans^ 
mits faithfully the movements which are communicated to it, 
we connect it with the registering instrument by meatls of a 
long tube, and place it on the badt of a bird, which is then 
cdlowed to fly. Experiments made on many different species, 
pigeons, wild ducks, buzzards, moor-buzzards, screech owls, 
have shown that there are very varied types of flight with 
respect to the intensity of the oscillations in the vertical 
plane. 

Fig. 113 shows the tracings furnished by different species 
of birds. All these tracings, collected on a cylinder revolving 
with a constant rapidity, and referred to a chionographic 
tuning-fork vibrating GO times in a second, enable tis to 
ascertain the absolute and relative duration of the oscillations 
during the flight of different species of birds. 

We find from this figure, that the frequency and amplitude 
of the vertical oscillations vary much according to the species' 
of the bird. In order to ascertain the cause of each of these 
movements with greater accuracy, let us register at the same 
time the vertical oscillations of the bird, and the action of the 
muscles of the wing. If we make this double experiment on 
two birds which differ mudi in their manner of flight, such 
as the wild duck and the buzzard, we obtain the tracings 
represented in fig, 114. 

Ihe duck (upper lix^} presents at each elevation of its 
wing two energetic oscillations ; that at h, at the moment when 
the wdng is lowered, is easy to be understood, as well as that 
at a, at the moment that ^e wing begins to rise again. To 
explain the ascent of the bird during the time of the elevation 
of the wdng, it seems indispensable to refer to the effect of 
the child’s kite, to which we have before alluded. The bird 
having acquired a certain velocity, presents its wings to the 
air as inclined planes; an effect is immediately produced, 
similar to the ascent of the hovering apparatus which trans- 
form their acquired velocity into ascensional force. The 
flight of the buzzard shows also, but in a less degree, the 
ascent which accompanies the upward movement of the 
■wing. 

Determination of mriathns in the rapidity of 
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second question wliicli we hare to solve relates to the deter* 
mination ot the various phases in the rapidiij of flight. It 
may receive its solution bj the emploj^ment of the same 
method. If the drum, loaded with a piece of lead, be placed 
on the back of the bird so as to present its membrane in a 
vertical plane — ^thai is, at right angles to the direction of flight, 



of the wivo', tn too ibwor )^f ^ the* Stirs' iiro 


the apparatus would Ije insessible to Tsrtical oacUIaUoiuif an>l 
would onlf give flie signal of those which are made bacjcwarda 
Md forwards, hiet us turn the membrane of the drum in 
front; it ia evident that if the bird quickens its speed, tho 
retarding influence of the inertia of the mass of lea>I will 
produce a pressure on the membrane of the drums the sir 
TOll be compressed, and the registering lever will rise } wbilo 
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tlie slackening of the bird’s speed will cause a descent of the 
lever by an inverse action. 

Experiments tried upon the species of birds before men- 
tioned) have furnished us with tracings analogous with those 
of the vertical oscillations. 

If it be true, as we have supposed, that the vertical 
oscillation of the bird, at the moment of the ascent of the 
wing, is due to the transformation of speed into elevation, 
we shall have the means of verifying this supposition, by 
collecting simultaneously the tracings of the vertical oscilla- 
tions and those of the variations of rapidity. 

Thus, by registering at the same time the two orders of 
oscillation in the flight of a buzzard, we find that the phase 
of depression of the wing produces at the same time the 
elevation of the bird and &e acceleration of its horizontal 
swifcness* This effect is the natural consequence of the 
indination of the plane of the wing at the moment of its 
descent; this we already know from having obtained it in the 
flight of the insect. As to the elevation of the wing, it is 
found that during the slight ascent which accompanies it, the 
swiftness of the bird diminishes. In fact, the* curve of the 
variations of rapidity is depressed at the moment when the 
bird rises. This is, therefore, a confirmation of the theory 
which we have propounded concerning the transformation of 
the horizontal rapidity of the bird into ascensional force. 
Thus by this mechanism, the stroke of the descen^ng wing 
produces the force which will cause the two oscillations of the 
bird in the vertical plane. It produces directly the ascent 
which is synchronous with it, and indirectly prepays the 
second vertical oscillation of the bird by creating rapidity. 

Simtiltaneou$ tracing cf the tuio orders of the osciUatiom of the 
-"-Instead of representing separately the two kinds of 
oscillation executed by the bird as it flies, it is more instruo" 
tire to seek to obtain a single curve representing togetlier the 
movements which the body of the bird makes as it advances 
in space. 

Tiu) method which wo have employed to obtain the move- 
ments of the point of the wing may, with certain modifica- 
tions, furnish tlie simultaneous tracing of the two orders of 
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moTement vhioh. we wisli to investigate. For this purpose, the 
two drums combined rectangularly must be connected with the 
same inert mass. 

Let us refer to fig. 97 (p. 237), where wo see the two 
levers connected toge&er and communicating with each other 
by tubes, which transmit to one all the movements executed 
by the other. When we give the first lever any hind of 
movement, we see it reproduced by the second lever in tho 
same direction. 

Now, let each of these levers be loaded with a piece of load, 
and tahing in our hand the support of the apparatus, lot ns 
cause it to describe any hind of movement in a plane perpen- 
dioolar to the direction of the lever. We ehall see that tho 
lever No. 2 executes movements of exactly an opposite hind. 
In feet, sinoe the motive force which acts on tho membrane of 
the drums is nothing more them the inertia of the mass of 
lead, and the movements of this mass are alw’nys later than 
those given to the apparatus, it is olear that if we raise 
the whole system, the mass will keep the lever down, while 
if we lower the instrument the mass will retain the lever 
above; that if we oamy it forward, the inerUa will keep the 
lever back, &c. Therefbre, the lever No. 2, only going 
through the same movements as No. 1, will give curves which 
wffl be absolutely opposed to tiio movomeat which has been 
given to the stand of tiie apparatus. This bekig aMumed, let 
us pass to the experiment; for thie, let us employ tho 
«q[rpaxataB represented in fig. 99 on the hack of the bumrd 
asit flies ; letns remove the rod which received the movements 
of the wing, as weJl as the paralleh^gmn whiA transmitted 
them to the lever; we will only refedn the lever fastened to 
the two drums, and the contrivance which fixes the wholo 
instrument on the back of the buazard; lastiy, let us adnpt n 
piece of lead to this lever, wad lot the bird Sy, Tlie tracing 
pioonred is represented in fig, 116. The analysis of this 
curve is at first sight extremely difScult; wo hope, however, 
to succeed in showing its signification. 

Analysis of t&e eurw iUustrttting tlu ioeUlations of ths l/ird,— 
This curve is dssocihed on the cylinder in the same manner a» 
in fig. 100, which shows the dilfetent movemeats of ihv iioint 
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of the wing ; the gkss 
|4ate moves from right to 
left; the tracing must be 
read from left to right. 
The head of the bird is 
turned towards the left, 
its flight is in the direction 
pointed out by the arrow. 

We may divide this 
figure into a series of 
portions by means of ver- 
tical lines passing through 
homologous points, whe- 
ther we let f^ these per- 
pendiculars fr^m the top 
of the loops, or from that 
of the simple curves, as 
has been done at the points 
a and (?. Each of these 
portions will enclose toler- 
ably similar elements, with 
the exception of their un- 
equal development in the 
dhferent points of the 
figure : let us neglect this 
detail for the present. 

It is evident that the 
periodical return of similar 
foxms corresponds with the 
return of the same phases 
in a revolution of the bird's 
wing. Til© portion a e wiU, 
therefore, represent tlxo dif- 
ferent movements of the 
bird in one and the same 
revolution. 

Lot us remember that in 
the curve which wo analyse, 
all the movements are con- 
trary to those really por- 
fonuoil by tho bird. The 
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two vertical osoillatioiis of the bird, the greater and the 
less, nrast thus be represented by two curves, of which 
the sammit will be placed downwards. It is easy to recognise 
their existence in the large curve, ah c, and the smaller one 
ode. The bird was, therefore, rising from a to 5, descending 
from hto e; it rose again from e to d, and descended from 
d to s. 

But these two oscillations encroach on each other, w’hxch 
produces the loop c d ; the oscillation cde partly covers the 
first by turning towards the head of the bird. Sinco tho 
indications of the curve are in a direction contrary to the roal 
motion, this is a proof that the bird, at this moment, was 
either carried backwards, or at least slackened the rapidity of 
its flight. 

This figure, therefore, recalls all that the former experiments 
have taught us concerning the movements of tho bird in 
space. We see from them, that at each revolution of its wing 
it rises twice, followed by two descents j that these oscillations 
unequal : the larger one, 8s we know, corresponds with tho 
' ^<^ring of the wing, the smaller one with its elevation. We 
' '^Iso, that the ascent of the bird, while the wing is ritting, 
^mpanied by the slackening of its speed, which justUics 
Jfeory that this re-ascent is made at the expense of tho 
.ooity acquired by the bird. 

But tihis is not all : fig. 115 shows us, also, that tho move- 
uents of * the bird are not the same at the commencement as 
at the end of its flight. We have already seen (figs. 95 and 
100) that tlHe strokes of the wing at its departure arc more 
extended; we see here that the oscillations produced at it<» 
departure by “^the descent of the wing (shown at the left hand 
of the figure) i^e also more extended. But theory enabli}s uh 
to foresee that tthe oscillation of the ascent of the wing, h^dng 
produced by thi velocity of the bird, must be very fechlti at 
the commencemidnt of its flight, when the bird has, ob yot» hut 
little rapidity. This figure shows us that this is actually tho 
case, and that txt the beginning of the flight, the sec'tiitd 
oscillation of the wing (that which forms the loop) is hut 
flight. 

We are now, therefore, in possession of the principal 
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notions on wHch. may be established the mechanical theory of 
flight 

From all these experiments we may deduce that it is 
during the descent of the wing that the bird acquires all the 
motive force which sustains and directs it in space. 

Theory of the flight of the bird. — On this subject, as on 
almost ail those that belong to this discussion, nearly every- 
thing has been already said ; so that we must not expect to 
find an entirely new theory arise from the experiments which 
have been described. In the w'orks of Borelli we find the 
first correct idea of the mechanism flight. The wing, 
says this writer, acts on the air like o w^edge. Developing 
still farther the thought of the learned Heapbhtan physiologist, 
we should now say that the wing of tie birc^ acts on the air 
after the manner of an inclined plaie, in o:pder to produce a 
re-action against this resistance which impejis the body of the 
bird upward and forward. This theory, oo^ifirmed by Strauss- 
Durkhoim, has been completed bj Liais, who noticed the 
double action of the wing; first. /hat which in the phase of 
depression of this organ, raises the bird and gives it an im-» 
pulse in a forward direction ; tf i.en, tlie action of the ascending 
wing, which is guided i n th<i tsame manner as a boy's kite, 
and sustains the bodfWtlie TO the following stroke 

of the wing. . ^ 

We have been reproached for relying on a theory which 
had its origin nxore than two centuries ago ; we much prefer 
an old truth to- the most modern error ; therefore we must be 
allowed to reidder to the genius of Borelli the justice which 
is due to himf and only claim for ourselves the merit of having 
furnished thd experimental demonstration of a truth already 
suspeNCted. ^ 

But the theories which had been, propounded up to the 
present time neglected many important parts which experi- 
ments reveal, and which we are about to endeavour to bring 
dourly forward. 

Thus, the manner in which the change in the plane of the 
wing is etfected in every part of the flight was necessaxyto 
Le known, in order to explain the re-actions which te(i4 
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always to snstain the body of the bird, sometimes by acceler- 
ating the rapidity of its Idghl^ sometimes by sladkening it.* 
Fig. Ill shows this <diaage of plane. 

As to the re-actions to which the body of the bird is sub- 
jected, experiment has clearly demonstrated them ; It has 
furnished us with the means of estimating their absolute force. 
We have seen that these re-actlons differ according to the 
species of bird which is observed. They are powerful and 
sudden in birds which have a small surface of wing ; longer 
and more gentle in birds formed for hovering; the re-aotion 
of the period of the Te-ascent of the wing disappears almost 
entirely in the latter ^d. 

If we could compito terrestrial locomotion with the flight 
of birds, and assi'aH^e alternate with simultaneous move- 
ments, we migl^c And' certain analogies between the walk 
of man and the\fligbit,of the bird. In both, the body is 
urged forward by ktennittent impulse; man, like the 
bird, raises himsejjf hy borrowing the necessary work from 
the tl^mmie eneryy'whieh^Jie has aceiuited by his muscnlar 
efforts. V 

As to the estimati^ of tabe work expended in flight, we 
must, before we can ubad«rtake>y*,, have a perfect knowledge 
of the resistance which air Vjsenis to sur&ces of every 
form, inclined at differenflSfigles, ami powessing varied velo- 
cities. We only know as yet the movements of the wings; 

* Wo ought to beg the mdor to romark that the fawUnations ropro- 
aented in fig. Ill aro referred to a lino which probably is not horizontal 
during flight. In ihet; this line does not corrospond with the axis of Clio 
body of the bird, for it was ausponded In the apparatua by a coraot placi'd 
behind its wings; and thus had its centre of gravity In ftont of the point 
of Misponsion, which oansod its beak to hang slightly down. In free 
flight, on the eontrsiy, the axis of tlw bird is horisontal— or rather tnmml 
somewhat upward. Beetorod to this proper position, a ftesh direction 
would be given to each of the positions of the wing (fig. Ill), which 
would altsr them all by the same number of degrees. Then, prohablv, 
wo should see that the wing always presents its lower sorfecO to the air, 
os ttiO only on# which can find in it a point of reaiatanee. This supposi- 
tion »«j,uir8s for its verification soma fresh experiments; which we hope to 
hesocnabletotoBfc*- 
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the resistance which they meet with in the air has yet to he 
determined. Our experiments on this subject are still being 
pursued. "When once we have these two elements, the mea- 
sure of work will be obtained from the resistance which is 
presented to the wing by the air at every instant, multiplied 
by the distance pass^ over. This will give us the measure 
of work brought to bear upon the air. 

For its horizontal advance the bird will be obliged only to 
furnish the quantity of work equivalent to the resistance 
presented by liie air in front of it, multiplied by the distance 
passed through. A part of this resistance, namely, that 
which is applied to the lower surfrce of the wing, is utilised 
to sustain the bird, by the kind of action which we have com- 
pared to that of a child's kite. 

It appears that this action is of primary importance in the 
flight of the bird. In fact, among the researches on the 
resistance of the air there is one wMch we owe to !Mons. do 
Louvri^, which seems to prove that if the wing make a very 
small angle with the horizon, nearly all the work obtained 
from the dynamic energy of the bird is employed to sustain 
it ; according to this writer, an angle of 6® 30' would be the 
most favourable to the utilisation of its energy. The im- 
portant part played by the gliding of the wing upon the air 
seems also proved by the shape of that organ. The wing 
being alternately active when it strikes the air, and passive 
when it glides through it, is not, in all its parts, equally 
adapted to this double function. 

yfhm a surface strikes the air, it must move with rapidity 
in order to find resistance. Thus the wing, turning around 
the point ly which it is attached to the body, shows unequal 
and graduaJly-increasing velocify in different points according 
as they are nearer to the body, so that being almost nothing 
at the point of attachment of the wing, the velocity will be 
very great at the free end* 

Let us imagine the wing of an insect as large at tlie base 
as at the extremity ; this size would be useless in the part 
nearest to the body, for the wing, at this point, has not suffi- 
cient rapidiiy to strike the air with effect* Thus wo filnd, in 
the greater part of insects, the wing reduced to a strong 

T 2 
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nervure towards its base. The membranous part commences 
only at the point where rapidity of movement begins to be 
of some use^ and the membrane goes on increasing in breadth 
till near the extremity of the wing. Such is (%. 116) the 
type of the wing essentially active — ^that is, intended only to 
strike the air. 



Fxa. 110. —Wmg of on insect 


In the bird, on the contrary, one of the phases of the 
movement of the wing is, to a certain extent, passive j that 
is to say, it receives the pressure of the air on its lower sur- 
face, when the bird is projected rapidly forward by its 
acquired velocity. Under these conditions, the whole bird 
being carried forward into space, aU the parts of the wing 
are moved with the same rapidity ; the regions near to the 
body are os useful as the others to take advantage of the 
action of the air which presses on them as on a kite. 



Fiq 117.— Active and passive parts of the bird's wing. 


Thus, the base of the wing in the bird, far from being re- 
duced, as in the insect, to a rigid but bare rib, is very wide, 
and furnished with/i?at^dr5 and whiff coverts which constitute 
a large surface, under which the air presses with force, and 
in a manner very eificacious to sustain the bird. Fig. 117 
gives an idea of the arrangement of the wing of the bird, at 
the same time active and passive. ^ . 

The inner part, deprived of sufGlcient velocity, inay be 
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considered, -while it is being lowered, as the passive part of the 
organ, -while the external part, that which strikes the air, is 
the active portion. 

By its very great velocity, the point of the -wing must meet 
-with more resistance from the air than any other part of this 
organ ; -whence the extreme rigidity of the large feathers of 
which it is formed. 

The conditions of decreasing rapidity explain the flexibility 
which becomes greater and greater ia the feathers of those 
parts of the -wing nearer to the body, and at last the great 
thinness of those at the base or passive part of the wing. 

Let us add that the effect of the kite must be produced at 
the base of the wing, even while the point strikes the air, so 
that the bird, as soon* as it has acquired its velocity, -would 
be constantly lightened of part of its weight, on accoimt of 
this inclined plane. 

The reproduction of the mechanism of flight now occupies the 
minds of many experimenters, and we hesitate not to own 
that we have been sustained ia this laborious analysis of the 
different acts in the flight of the bird, by the assured hope of 
being able to imitate, more or less imperfectly, this admix*able 
type of aerial locomotion. We have already met with some 
success in our attempts, which have been interrupted during 
the last two years. 

Winged apparatus has been seen in our laboratory, which 
when adapted to the frame-work -which had held the bird, 
gave it a rather rapid rotation. But this was only a very 
imperfect imitation, which we hope shortly to improve. 
Already a young and ingenious experimentalist, Mons. 
Alphonse PSnaud, has obtained much more satisfaetoiy results 
iu this direction. The problem of aerial locomotion, formerly 
considered a Utopian scheme, is now approached in a truly 
scientific manner. 

The plan of the experiments to be made is all traced out : 
they wiU consist in continually comparing the artificial instru- 
ments of flight with, the real bird, by submitting them both 
to the modes of analysis which we have described at such 
length ; the apparatus will, from time to time, be modified 
till it is made to imitate these movements faithfully. For 
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this puipose we are about to xmdertake a new serios of 6x« 
periments; some new apparatus is being constructed, which 
will soon be finished. 

We hope that we have proved to the reader that nothing 
is impossible in the analysis of the movements connected with 
the flight of the bird : he will no doubt be willing to allow 
that mechanism can always reproduce a movement, the nature 
of which has been clearly dgfiuod* 
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